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MODELLING INTERACTIONS BETWEEN CLIMATE 
AND GLOBAL VEGETATION IN RESPONSE TO 
CLIMATE CHANGE 
SUMMARY 
Climate change associated with increasing concentrations of the 
greenhouse gas, carbon dioxide (C02), is expected to lead to an increase in 
global mean temperature of between I and 3.5 IC by the end of the 21 st 
century, with regional changes in rainfall and humidity. 
This thesis is concerned with modelling the effects of a changing climate 
and atmospheric C02 on global vegetation. The process-based model, DOLY 
(Dynamic glObaL phytogeographY), is used. It is able to operate using three 
climate variables, two soil variables and an atmospheric C02 concentration. Its 
outputs are leaf area index (LAI), and net primary productivity (NPP). 
The LAI and NPP values predicted by DOLY were used to run a life- 
form model with a climate change scenario. It was found that warming lead to 
the spread of trees into tundra regions. The DOLY model was also coupled 
with the Hadley Centre general circulation model to determine the feedbacks of 
vegetation on climate. With global warming of 2'C, the global feedback of 
vegetation on temperature was a decrease of VC. However at the regional 
scale the feedback was ± 2'C, of similar magnitude to the driving temperature 
change. Finally, the DOLY model was run with transient climate data from the 
Hadley Centre. The boreal forest moved north, and the Gobi desert and the 
southern steppes in the former Soviet Union shrank in area. 
The sensitivity of the model to its soil and climate inputs have also been 
analysed over a range of environments and the model has been validated with 
reference to satellite data and experimental data. It was found to perform well. 
This thesis has shown that it is possible to predict current and possible 
future distributions of vegetation with climate change using a vegetation model. 
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CHAPTER I 
I Introduction 
1.1 The history of the study of climate and vegetation 
A number of authors have attempted to link vegetation and climate and 
these have met with varying degrees of success. The earliest attempts were by 
plant geographers, von Humboldt and Bonpland (1805) and later, K6ppen 
(193 6). K6ppen used an empirical classification in which climates are grouped 
according to specific temperature and aridity criteria. These criteria had been 
deduced in part from work done by de Candolle (18 5 5). He was also concerned 
with the distribution of various plant species related to climate. 
Most of the earlier schemes relied on two basic criteria-the degree of 
aridity and of warmth. These criteria also formed the basis for work undertaken 
by Holdridge (1947). Temperature and precipitation interact through potential 
evapotranspiration (the amount of evapotranspiration that would occur given an 
unlimited water supply) to define humidity provinces and so define a functional 
relationship between vegetation and climate. Box (198 1) adopted a similar 
approach. He introduced a dominance hierarchy of plant growth forms or 
functional types (e. g. tree, shrub, etc. ) and provided more detail on the climate 
variables used. Both Box and Holdridge predicted vegetation types by 
correlation. This approach is of limited use in understanding the processes that 
are occurring between climate and vegetation, although it does provide an 
indication as to possible mechanisms that might be operating. Their work has 
also been useful as it demonstrates that important links do exist between 
vegetation physiognomy (general structure and size) and the climate, where 
temperature and the water budget represent the climate. 
To predict the current distribution of today's vegetation from current 
1 
global climate data, one is in effect assuming that global vegetation is in 
equilibrium with the current climate. In other words, present-day vegetation is a 
result of present-day climate This is not entirely true because, as Prentice 
(1986) states: "Vegetation is a dynamical system that is continuously 
responding to variations in its parameters caused directly or indirectly by the 
changing climate. " He goes on to discuss the various ways in which dynamical 
systems respond to parameter variation and concludes that there is no single 
answer to whether vegetation is in equilibrium with climate. It depends on the 
system under consideration and the response time of the vegetation to the rate of 
climate change. Each species has its own "fundamental niche" which includes 
all the environmental conditions it requires to survive assuming no competition 
or other influences from other species (IPCC, 1996). In reality, in most 
ecosystems, a species occupies a "realized niche" whereby it competes and 
interacts with other species. At any given time, an ecosystem consists of a 
number of species that are within their fundamental niche. If, however, the 
temperature rises, say, then they may be no longer in this niche and some will 
begin to die. Alternatively, some species may still be within their fundamental 
niche but outside their realized niche. The original species' continued survival is 
then dependent on the other species present in an area. It is not valid to say 
simply that a specific climate characterizes a specific biome. These systems are 
in flux and a given vegetation type in a given area is due not only to its climate 
but also its underlying soils, as well as human activities. 
To summarize, an ecosystem is never in true equilibrium with climate 
but in a state of flux. Evidence for this can be found in the way that species 
behave in plant communities. These species compete and interact with each 
other but these processes can change if some kind of disturbance occurs. The 
process of succession whereby species recolonize an area after disturbance, or a 
change in soil or climatic conditions, can be described as the outcome of species 
losses and invasions (Whittaker, 1975). It is known that plant communities will 
not move together with a changing environment. It is more likely that with this 
2 
sequence of invasions and losses completely new communities will be formed 
as appears to have occurred over the previous 10,000 years since the last Ice 
Age (Davis et aL, 1986; Webb and Bartlein, 1992). 
There is also always some lag in the system whereby species take some 
time to respond to a change in climate. Over the past 10,000 years climate has 
remained fairly stable (global temperature changes of less than 1 'C over a 
hundred-year period (IPCC, 1996)). This has given vegetation time to respond 
and adapt to its new environment. However, now that the human race has begun 
to influence the amount of pollutants going into the atmosphere, changes are 
likely to be more rapid. The greenhouse gas, carbon dioxide (COD has 
increased by nearly a third since the time of the Industrial Revolution. The 
amount of other greenhouse gases such as methane (CH4) has doubled and 
nitrous oxide (N20) has increased by 15% (IPCC, 1996) over the same time. 
These gases are now at their greatest concentrations than at any time over the 
last 160,000 years (this is as far back as atmospheric compositions can be 
detected from the analysis of ice-core data (IPCC, 1996)). C02 has contributed 
about 65% of the combined radiative (heating) effects of long-lived gases over 
the last 100 years. Methane has contributed 20% and nitrous oxide, 5% (IPCC, 
1996). 
Most climate models predicted a rise in global annual mean temperature 
of I `C over the same period, but there is some debate concerning how much 
actual warming has really occurred to date (Schneider, 1992). Wigley and 
Rapier (1990) used a simple one-dimensional climate model of atmosphere and 
oceans to show that the predicted 0.5 to IT warming over the last 100 years or 
so, broadly agrees with, although is slightly greater than, the observed values. A 
global mean temperature rise of between I and 3.5 T is predicted for the year 
2100 (IPCC, 1996). In order for the distribution of the world's vegetation to 
respond to this increase in temperature and C02, it would need to move at rates 
never before observed in the natural world. Aber (1992) states that in the central 
portion of North America, a 3T increase in mean temperature could lead to a 
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northward shift of 300-375 km in the biome-climate equilibrium boundaries. 
This could take place within a hundred years (IPCC, 1990). However, studies on 
the rate of species re-invasion following the last de-glaciation suggest that 
species move much more slowly. Davis (198 1) gives a rate of 25 to 40 km per 
century and a maximum distance moved of 200 km. 
1.2 Historical evidence of climatic change 
Over the last hundred years or so, human disturbances have become 
increasingly influential on the Earth's climate. The increase in the amount of 
atmospheric C02 has been attributed to increases in fossil fuel use (IPCC, 1990, 
1996) and has led to the so-called "greenhouse-effect. " This effect is so-called 
because incoming short-wave radiation from the Sun is transmitted through the 
Earth's atmosphere which contains the greenhouse gases of methane, water 
vapour, carbon dioxide and ozone. However, the Earth's surface absorbs just 
under half of the incoming radiation. The rest is absorbed by clouds, particles 
and gases (25%) or reflected to space (30%) (Schneider, 1992). The atmosphere 
with its greenhouse gases traps most of the outgoing terrestrial long-wave 
radiation (88%). This is also due to absorption and re-emission of this infra-red 
radiation by clouds and particles in the atmosphere. This keeps the surface and 
the troposphere (the lowest part of the atmosphere from the surface to around 
10-15 km) about 33"C warmer than they would be otherwise QPCC, 1995). 
The rest of the terrestrial long-wave radiation "escapes" to space (12%). The 
clouds and the atmosphere act like the glass in a greenhouse: they allow sunlight 
in, but prevent heat from escaping. 
To consider the climate changes that may occur in the future from 
current human influences it is important to first consider the past. This should 
provide some indicators as to the possible impact of high concentrations Of C02 
that have previously arisen naturally, on global climate. 
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Fluctuations in the Earth's climate occur for a number of reasons. One of 
these is due to shifts in continental earth masses leading to the creation of 
mountain chains such as the Alps, Andes, Rockies and the Himalayas. Such 
mountain chains have a profound influence on the physical properties of air 
masses, as well as atmospheric circulation patterns. Movements in the position 
of continents also alter ocean circulation patterns. The ascent or descent of air 
causes adiabatic (involving no addition or subtraction of heat) changes of 
temperature caused by changes in pressure. Dynamic processes in the middle 
and upper troposphere are a major cause of air mass modification (Barry and 
Chorley, 1976). In addition, mountain climates tend to be windier, wetter, 
snowier, cloudier and cooler with greater extremes of temperature than at lower 
levels (Barry and Chorley, 1976; Beniston & Fox, 1996). 
Volcanic eruptions cause other fluctuations in climate. They lead either 
to the creation or destruction of land. They also contribute to the amount of dust 
in the atmosphere and sulphuric acid aerosols in the stratosphere. The 
stratosphere is the middle atmosphere, (i. e. the layer above the troposphere that 
extends upwards to about 50 krn (30 miles)). This can cause cooling globally by 
affecting the global surface energy balance (Turco, 1992). This occurred with 
the Mount Pinatubo explosion in the Philippines in 1991 which led to a slight 
decrease in the rate of climate warming. In fact, a cooling of the global surface 
temperature observed following this eruption reached a maximum of 0.3 to 0.5 
'C during 1992 (IPCC, 1995). Volcanic aerosols may also "speed up" certain 
reactions that lead to substantial ozone depletion in the stratosphere. This should 
also cause some cooling as ozone is a greenhouse gas. This effect may be 
enhanced in the future if concentrations of atmospheric concentrations of 
chlorine continue to increase (Turco, 1992). Other reasons for modification of 
the Eartlfs climate are changes in the orbital parameters of the Earth. There are 
three main variations in these parameters that Milankovitch (Milankovitch 
(1920,193 0,194 1) cited in Woodward, 1987) describes. These include 
(Kutzbach, 1992) the following: 
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i) Changes in orbital eccentricity (range: 0 to 0.06) every 100,000 years. This 
involves fluctuations in the Earth's orbit from almost circular (which it is at the 
present) to elliptical. 
ii) Changes in the axial tilt (range: 22' to 24.5*) every 41,000 years. The value 
for the present is 23.4' (Tennent, 1976). An increase in the angle of tilt leads to 
an increase in the contrast between summer and winter climate. 
iii) Changes in the season of perihelion (range: all times of the year) every 
22,000 years. At the moment the perihelion (the shortest distance from the Earth 
to the Sun) is in December. This means that the value of the solar constant (the 
irradiance of an area at right angles to the solar beam and outside the Earth's 
atmosphere (Woodward, 1987)) is at its greatest. This situation will reverse in 
10,000 years time due to wobble in the Earth's axis. This will lead to the 
northern hemisphere summer being warmer than the summer hemisphere 
summer, and to greater differences between summer and winter climates. 
New techniques are being used to determine past climates from ice core 
analysis, soils, lake and ocean sediments (Kutzbach, 1992). Polar ice and deep 
sea sediment records contain information about leads and lags between climate 
variables and changes in radiatively active trace gas concentrations (Raynaud 
and Siegenthaler, 1993). In addition, tree rings (Briffa et aL, 1990) and pollen 
grains (Webb, 1986) can be analysed. More plant samples are also being taken 
worldwide and dated radiometrically. This radiometric process involves the 
analysis of the ratio of radioactive carbon isotope, 14C, to the carbon isotope, 12 
C, in plant material. The carbon isotope, 14C, is one of three naturally occurring 
carbon isotopes in the Earth's atmosphere, seas and biosphere. However, unlike 
12C and 13C, it is unstable. Cosmic rays entering the atmosphere maintain its 
atmospheric concentration by reacting with nitrogen molecules turning them 
into 14C (Schneider, 1996). The process of photosynthesis uses all three forms 
of atmospheric carbon and converts them into organic carbon compounds. 
Whilst a plant is alive the amount of 14C it contains is in relative equilibrium 
with that in the atmosphere. However, when the plant dies there is a decrease in 
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the amount of 14C as it is no longer being replenished. The present-day ratio 
between carbon isotope, 12C and 14C is assumed to be the same as that at the 
time when the plant died. Any deviation from this ratio, therefore, gives an 
estimate as to the possible age of the plant sample. 
Clear correlations between C02 and global mean temperature are 
evident in much of the glacial-interglacial palaeo-record (Genthon et aL 1987, 
Jouzel et aL 1987,1993). Temperature increases tend to occur when 
atmospheric C02 concentration increases. Dansgaard et al. (1993) measured the 
amount of oxygen isotope 0 18 in an ice core from the Greenland Ice-core 
Project Summit. From this they were able to calculate the relative deviation of 
the oxygen isotope 0 18 to oxygen isotope 0 16 ratio from that in standard mean 
ocean water. In polar glacier snow and ice, the temperature of the formation of 
the precipitation mainly determines this deviation (Dansgaard et aL, 1993; 
Johnsen et aL, 1992). They present a stable-isotope record from this ice core 
that shows that marked climate instability appears to have occurred during the 
last interglacial. This is in contrast to the extremely stable climate of the 
Holocene (i. e. the last 10,000 years). They suggest that instability has 
dominated the North Atlantic climate over the last 230,000 years and question 
how long the Holocene will remain stable given the increase in atmospheric 
pollution. Genthon et al., (1987) have carried out other work in this field. From 
the Vostock ice core in eastern Antarctica they derived time series of the central 
East Antarctic atmospheric temperature and of atmospheric C02 content over 
the last 160,000 years. A signal of around 100,000 years dominates these time 
series. They also show a concentration of variance near orbital frequencies and 
suggest that there is an interaction between C02, orbital forcing and climate on 
the time-scale of glacial-interglacial episodes. They performed a multivariate 
statistical analysis between the Vostock isotope temperature record and multiple 
climatic inputs. These inputs were: 
i) a Northern Hemisphere input of July insolation at 65"N; 
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ii) a Southern Hemisphere input of either local insolation received during the 
whole year or mean daily November insolation at 60*S; and 
iii) the radiative forcing associated with variations in atmospheric C02 
concentration. An empirical formula calculated this forcing in terms of its direct 
temperature effect. 
They conclude from their analysis that C02 changes play a more important 
climatic role than orbital variations, though they do stress that orbital forcing is 
also implicitly present in the C02 forcing. 
Barnola et aL (1987) have also carried out work on the Vostock ice core. 
They analysed the amount Of C02 contained in air trapped as bubbles inside the 
ice and were able to extend the ice core record of atmospheric C02 back 
160,000 years through the last interglacial-glacial cycle. The very low 
temperatures at Vostock (present-day mean annual temperature is -55.5 `Q and 
the high quality of the ice core, which has a length of 2,083 m, enabled them to 
do this. Over this period they found two very large changes in the C02 record. 
One change occurred in the more recent part of the record (about 
400 m depth or 15,000 years ago) when the C02 level fell to 190 ppmv. The 
other change occurred near the earliest part of the record (about 1950 m depth or 
140,000 years ago) when the C02 level rose to 280 ppmv. This high level is 
comparable with the "pre-industrial" atmospheric C02 level of around 280 
ppmv. Of the known geological history of carbon dioxide over the last 100 
million years the low level is among the lowest values (Barnola et aL, 1987). 
They suggest that depending on whether the climate shifts from a glacial to an 
interglacial or vice versa the interactions between climate and atmospheric C02 
could be different. In the case where conditions are shifting from interglacial to 
glacial, (i. e. a cooling event), orbital and orbitally derived forcing could have 
influenced the noticeable cooling trend in the Antarctic. Before the likely 
climatic effect of the change in C02 concentrations this forcing would have 
been a major contribution to the temperature decrease (Barnola et al., 1987). 
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They suggest also that radiative effect Of C02 coupled with associated feedback 
processes appear likely to be one of the stimuli behind the paleo-temperature 
changes recorded in the Vostock core. This is consistent with the findings of 
Dansgaard et al. (1993) on the same core. 
Studies concerned with the links between climate and vegetation, and 
the climate changes that have occurred in the past have been considered. We can 
now turn our attention to the problem of trying to recreate such past climates 
using models. The prediction of possible future climates with an increase in 
atmospheric C02 would be aided by such work. 
1.3 Modelling past climates 
There needs to be an assessment of the ability and accuracy of the 
current suite of GCMs (general circulation models) to model past climates 
before any predictions can be made with regard to likely future climates. The 
present-day climate can be compared with similar climates in the past and the 
results of climate change analysed. 
Comparison of climates predicted by GCMs with those deduced from 
the geological record has two main aims: 
i) to aid in the analysis of the causes and processes of climatic change, and 
ii) to determine how well the models predict palaeoclimates (Guetter and 
Kutzbach, 1990). 
Climatologists now have the opportunity to investigate and determine 
the processes and feedbacks that are operating to change the climate. This is due 
to the possibility that relatively small changes in the EartWs orbital parameters 
essentially drive large climatic changes (see section 1.2). 
Various studies have addressed some of the issues of relating climate to 
vegetation (Guetter and Kutzbach, 1990). The Cooperative Holocene Mapping 
Project (COHMAP, 1988) used geological data and a GCM to study climatic 
change in the last 18,000 years. The project assembled near-global data sets of 
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pollen and land vegetation for this period. The geologic data included pollen 
analysis from lake sediments, records of water levels in closed-basin lakes, of 
plankton in ocean sediment cores, and of the amount and orientation of fossil 
sand dunes. There was a simulation of climates from 18,000 years ago to the 
present at 3 000 year intervals. Webb et aL (1987) determined previous 
vegetation from past climate simulations, and then compared this inferred 
vegetation with the observed vegetation as estimated from pollen records. 
Solomon (1986) described attempts to link forest-stand models to climatic 
variables from GCMs. The comparison of palaeoclimate simulation results from 
different models should help to isolate model bias errors (Schneider, 1986). 
It is also possible to simulate glacial climates with GCMs which is of 
interest as such climates were very different to those of today. The CLIMAP 
project (CLIMAP Project Members, 1981) has provided estimates of ice-age 
conditions such as the extent of ice sheets, vegetation and sea surface 
temperatures. Large areas of high pressure tend to develop over the ice sheets, 
temperatures are lower and there is a reduction in precipitation. The levels of 
atmospheric C02 are also reduced. There is still some uncertainty as to changes 
in the ocean circulation, as well as in the biogeochernical cycles. Recent work 
by Sutton and Allen (1997) has, however, demonstrated that North Atlantic sea 
surface temperatures and associated sea-level pressure anomalies are involved in 
a whole-ocean oscillation. In addition, they show a link between the subtropical 
and tropical North Atlantic sea surface temperatures which is of specific 
importance to climate prediction. Further work on modelling the various 
mechanisms involved is still required. 
Other work (Kutzbach, 1992) has used a GCM to model the climate of 
9000 years ago when it is known that the orbital parameters were noticeably 
different from those of the present day. The perihelion (the shortest distance 
from the Earth to the Sun) was in July and the axial tilt was greater than at 
present. The solar radiation averaged over the northern hemisphere in July was 
about 7% (30 W m-2) greater than at present. This period provides information 
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about what would happen to the climate given an enhanced seasonal cycle in the 
northern hemisphere caused by greater insolation, and a reduced seasonal cycle 
in the southern hemisphere. The model showed enhanced summer temperatures 
over land (temperature increases of between 2 and 4"C) and cooler winter 
temperatures. There was not much temperature change over the ocean due to its 
high heat capacity. Northern hemisphere monsoons intensify caused by the 
differential heating of land and sea. Pressure is lower over the land than over the 
sea which leads to a larger and deeper area of low pressure over southern Asia 
and north Africa. This creates strong summer monsoon winds and increases in 
precipitation in these regions. These effects have been noted from 
palaeobotanical evidence. For instance, Gallimore and Kutzbach (1989) 
observed that, 9000 years ago, northern continental summers were warmer 
inland and drier than at present. Also, between 12000 and 6000 years ago, lakes 
and savanna vegetation were about 1000 krn north of their present location in 
tropical North Africa (Kutzbach, 1992). 
Once a model of a past or present climate is created, one needs to 
consider the influence of vegetation on such a climate. This is explained in the 
next section. 
1.4 The importance of vegetation to climate 
Climate can be defined as the average conditions representative of the 
long term state of the atmosphere and variability (Barry and Chorley, 1976). In 
other words it is the average weather over a given period. Large-scale 
circulation processes mainly influence the climate of a region, but regional and 
micro-scale processes, which are influenced by the ground surface, also have 
effects. The magnitude of this influence depends on whether the ground surface 
is covered by water, ice or snow, urban areas, vegetation or nothing at all. 
Aspect (i. e. the direction in which a slope faces) and topography are also 
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important. Only the effect of vegetation on climate is of interest to this thesis, so 
this is the only land cover type considered here. 
The effect of vegetation on climate can be divided into four main 
categories. These are: energy transfers, momentum flux and airflow, the latent 
heat flux and the humidity environment, and the sensible heat flux and the 
thermal environment (Barry and Chorley, 1976; Oke, 1978). Sensible heat is the 
heat that is released when energy is supplied, or removed from, a body. Latent 
heat is the heat released when a substance such as water, undergoes a phase 
change from a vapour (a high energy state) to a liquid (a lower energy state). To 
enable a substance to change from a liquid at a given temperature to a vapour at 
the same temperature, heat is required This heat is not sensed as a temperature 
change but is held within the vapour so that if it reverts to its former state of 
water it is released (Oke, 1978). 
These categories will be considered in turn. 
i) Energy transfers. 
An important effect of a vegetated canopy such as a forest is to absorb 
and reflect both incoming and outgoing radiation. The albedo (shortwave 
reflectivity) of vegetation is dependent on its character (e. g. height, moisture 
content) and its density. Values range from 18-25% for a short grass crop 
(Monteith, 1973) to 10% for a fir in a temperate forest (Barry and Chorley, 
1976). Higher albedos of 30% to 38% (Barry and Chorley, 1976) occur in desert 
shrubland. The amount of incoming solar radiation absorbed is higher over a 
vegetated area and there is less radiation reflected back into the atmosphere than 
there would be over dry and light-coloured bare ground (Oke, 1978). Vegetation 
also shades the ground from incoming solar radiation (Dickinson et aL, 1986). 
The plant canopy absorbs solar radiation. The vertical attenuation of solar 
radiation affects not only the radiation intensity but also its wavelength, or 
spectral composition. Plant pigments (e. g. carotenoids and chlorophyll) are 
particularly good absorbers in the blue (0.4 to 0.51 pm) and red (0.61 to 0.7 ýtm) 
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bands of the visible portion of the electromagnetic spectrum and are at the 
centre of the photosynthetic process. The waveband between 0.4 and 0.7 ýttn is 
therefore specified as photosynthetically active radiation or PAR (Oke, 1978). 
Leaves absorb PAR more strongly than the longer wavelengths of short-wave 
radiation (i. e. in the near infra-red). This selective absorption reduces the 
photosynthetic value of the radiation as it penetrates (Oke, 1978). The level of 
absorption is dependent on crown density, the age and height of the vegetation, 
as well as the type of vegetation and the time of year. For instance, consider a 
birch-beech forest. In winter such a forest will have no leaves and between 60- 
80% of incoming radiation would be able to penetrate to the woodland floor. In 
summer, this value would be of the order of 5% if the canopy was dense (Barry 
and Chorley, 1976). If the leaves wilt or are dead then this would decrease the 
albedo but if they were covered with dew in the early morning this would 
increase the albedo (Oke, 1978). 
ii) Momentum flux and airflow. 
Vegetation such as forests obstruct the lateral and vertical flow of air. 
An area that is forested increases the turbulence of the air above and reduces the 
wind speed within its interior. If a profile of wind speed against height is drawn 
for a vegetated canopy it would display a characteristic logarithmic form above 
the canopy (Monteith, 1973). That is, as the distance from the canopy increases 
then so does the wind speed. The closer one gets to the top of the vegetation 
canopy, the lower the wind speed. This is the result of drag exerted on the 
atmospheric airflow by the top of the canopy. Within the canopy the profile 
would be dependent on the structure of the vegetation. In most cases the wind 
speed would be lowest in the areas where the foliage density was greatest (Le. 
near the crown in a tree canopy). It would be slightly higher in the more open 
stem area and then decrease to zero at the ground (Oke, 1978). 
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iii) Latent heat flux and the humidity environment 
The humidity within a forest differs markedly from that outside. 
Evaporation from the forest floor is usually much less due to lower wind speeds, 
lower maximum temperatures, lower incoming solar radiation and generally 
lower forest air humidities (Barry and Chorley, 1976). During the hours of 
daylight leaves transpire water through their stomata. This process is controlled 
by wind speed around the leaf, leaf temperature, vapour pressure deficits, 
available radiant energy, the length of day and the leaf surface area, the tree 
species and its age. 
The vegetated canopy can intercept precipitation. This amount of 
interception varies with the time of year, the crown density and rainfall 
intensity. Throughfall is the amount of incoming rainfall that reaches the ground 
surface after allowing for interception by the vegetation. Some of the 
intercepted water evaporates whilst the remainder is added to throughfall, as leaf 
drip and as sternflow (water flow down the stems and branches). Throughfall 
decreases as the amount of leaves in the canopy increases (Rutter et al., 1975). 
iv) Sensible heat flux and the thermal environment 
The air temperature is reduced within a forest, but extremes of 
temperature are not encountered (i. e. there is a smaller amplitude of diurnal 
temperature compared with outside the forest). This is due to the limited 
temperature range caused by protection from the insulation effect and shelter 
provided by the trees (Barry and Chorley, 1976). During the day the crown of a 
forest is warmer than the floor due to evapotranspiration and radiative heating. 
Beneath this canopy there is a temperature inversion where the temperature 
decreases with depth. This situation reverses at night. Below the canopy there is 
little long-wave radiation loss and hence milder conditions prevail to those 
outside the forest. The greatest frost and dewfall occur therefore just beneath the 
canopy crown (Oke, 1978). 
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All these processes need to be taken into account when constructing 
models of the soil-Earth-atmosphere system. Such models are now considered. 
1.5 Models 
Vegetation models can be divided into three main groups (Foley et al., 
1996). These groups are: biogeographical, biogeochemical. and biophysical (or 
land surface climatology) models. Each of these groups will be considered. 
1.5.1 Biogeographical models 
Ecologists such as Woodward (1987), Emanuel et al., (1985a, b), and 
Smith et al., (1992) have produced ecologically-based biogeography models. 
These predict the current distribution of the world's vegetation to determine the 
future distribution. Other biogeographical models include those from Prentice 
(1990) and Haxeltine et al. (1996) who developed and used the BIOME model 
and Nielson (1995) who created the MAPPS model. These particular models, 
however, are of limited use as they are constrained by their specific use of 
parameters set for present-day biomes though they do indicate the sensitivity of 
vegetation to climate change. Biogeographical models predict the potential 
natural vegetation for a given climate and soils input, but no account is taken of 
human interference and influence. They are also static so that a given climate 
will produce a given vegetation but there is no account of transient dynamics. 
This means that ecological responses to climate change such as migration 
cannot yet be modelled. Such models simulate current vegetation patterns and 
predict likely vegetation changes with a change in climate. However, they do 
not account for changes that may arise from the vegetation influencing climate. 
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1.5.2 Biogeochemical models 
There are a variety of biogeochemical. vegetation models that have been 
designed to predict vegetation at different scales of study. Ryan et al., (1996,1 
and II) reviewed seven models of ecosystem function for temperate conifer 
forest and divided the models into four classes based on their resolution. These 
models included BIOMASS (McMurtrie et al., 1990b, 1992; McMurtrie and 
Landsberg, 1992), BIOME-BGC (Running and Hunt, 1993) and HYBRID 
(Friend et al., 1993) at the plant physiological level. CENTURY (Parton et al., 
1987) is classified as an ecosystem model, as are the following: MBL-GEM, 
which is a process-based biogeochemical model (Rastetter et al., 1991), PnET- 
CN (Aber and Federer, 1992), a simple, lumped-parameter monthly-time-step 
model of carbon and water balances of forests, and Q, a forest growth model 
developed by Rolff and Agren (in preparation). Other models that were not 
compared by Ryan et al. (199 6,1 and II) include, at the regional to global scale, 
the models developed by Raich et al. (199 1) and McGuire et al. (1992) and, at 
the patch scale, the population models (JABOWA /FORET) of Botkin et al. 
(1972), and Shugart (1984). In the JABOWA /FORET models, individual trees 
are allowed to grow and compete for light against each other, and use 
population dynamics. Some of these models were concerned with specific 
vegetation types or regions, initially, but have gradually developed and 
expanded to the global level (Running and Hunt, 1993; Parton et al., 1993; 
Melillo et al., 1993; Raich et al., 199 1; McGuire et al., 1992). It should be noted 
that all of these models have constrained behaviour because of set-up values. In 
effect, they need to be "told" something about the vegetation types they are 
modelling. 
Ryan et al. (1996) stress that when selecting a vegetation model one 
needs to consider both the time-scale and spatial scale of the processes being 
considered. In addition to this, population and ecosystem models require details 
from physiologically-based models to ensure that calculations of growth 
processes are realistic and that climate change can be dealt with adequately. 
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Urban and Shugart (1992) reviewed several gap models, which have been 
developed from a forestry background. When a tree dies and falls to the ground, 
it creates a gap in a forest. This gap allows other trees to become established and 
grow within this space. At any one time a forest can contain a selection of gaps, 
each of which is at various stages of the growth cycle. Agren et al., (1991) also 
studied and compared a variety of different models used to determine ecosystem 
response to climate change. The ecosystems considered were grasslands and 
coniferous forests. 
To determine the combined effects of both climate and atmospheric 
chemistry on terrestrial carbon balances, models, based more on the physiology 
of ecosystem function, can be used (Aber, 1992). Such models include 
LINKAGES (Pastor and Post, 1986), which is specifically concerned with 
plants in the eastern U. S. It operates using plant responses to light, nitrogen, 
growing season heat sum, and water stress. FORENA (Solomon, 1986) is a 
similar model which is based on the plot, individual stem, and species level. The 
CENTURY model can also be classified as a physiologically-based model of 
ecosystem function, particularly regarding grasslands. 
1.5.3 Biophysical models 
At the same time as these ecological models have been developing, 
climatologists have been examining ways of incorporating vegetation into 
GCMs. Shukla and Mintz (1982) were the first to use a simple model to 
demonstrate the significant impact that vegetation could have on climate by 
affecting the hydrological cycle, the carbon cycle and energy transfers between 
the Earth's surface and the atmosphere. 
Until about 10 years ago, the land surface properties regulating the 
momentum, latent and sensible heat fluxes between the land surface and the 
atmosphere were regarded as parameters that could be prescribed within a 
general circulation model (GCM) (Sellers, 1992). This led to a number of errors 
with such models. Surface albedos were deemed to be too low, surface 
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roughness parameters were inadequate (there was often one value used 
globally), and the amount of moisture in the soil also often had one global value 
held in a "bucket. " In addition, surface resistance in the Penman-Monteith 
equation was not adequately accounted for, which led to an overestimation of 
surface evaporation in humid regions (Sellers, 1992). 
Since the mid-1980's this situation has improved. Dickinson (1984) and 
Sellers et al., (1986) made some of the first attempts to model the land surface 
parameters from a biophysical (land surface climatology) standpoint. Dickinson 
et al. (1986) developed the BATS model, Sellers et al. (1986,1992), the SiB 
model, and more recently, the SiB2 model (Sellers et al., 1996a, b, c). Such 
models operate globally with vegetation and soil characteristics geographically 
predefined. 
The climate from GCMs can be used in a number of ways by ecological 
modellers. For instance, climate has been used in a number of ecological 
models to determine the current distribution of biomes, (Emanuel et al., 1985a, 
b; Prentice et aL, 1992; Woodward and Lee, 1994) net primary productivity, 
(NPP) (Raich et al. 199 1; Lieth, 1975) and leaf area index (LAI ) (Neilson and 
Marks, 1995). Global ecosystem sensitivity to climate can be deten-nined and be 
incorporated into global carbon cycle models such as those by Dai and Fung 
(1993). Quantitative tests of vegetation model simulations of NPP and LAI 
against water and carbon flux simulations could be carried out applying the 
methodology used in intercomparison projects such as the Project for 
Intercomparison of Land Surface Parameterization Schemes (PILPS) 
(Henderson-Sellers et al., 1995). 
Vegetation in most GCMs is prescribed with set values for parameters 
such as roughness length or rooting depth. There are no changes with time. This 
is an unsatisfactory situation, as a number of authors (Rowntree, 1988; Sellers et 
al., 1996a, b, c; Randall et al., 1996; Henderson-Sellers and McGuffie, 1995; 
Bonan et al., 1992; Foley et al., 1994) have shown that land surface cover in 
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GCM simulations affects the climate. To simulate climate change effects 
accurately, there needs to be inclusion of an interactive global vegetation. This 
would also enable the prediction of future vegetation given a future climate. 
To summarize, the main problem with the biophysical models is that 
they ignore changes in vegetation cover, as their vegetation characteristics and 
soil are prescribed. The overall problem with biosphere models is that they do 
not model the dynamic behaviour of ecosystems. There is a requirement for the 
incorporation of such dynamics to deal with changing land use, increasing C02 
and climate. 
The global productivity and phytogeography model introduced by 
Woodward et aL (1995) addressed some of these problems. It was able to 
predict LAI and NPP from simple climate inputs. Representations of basic plant 
processes were combined to successfully model vegetation responses to 
environmental change that enabled vegetation response mechanisms to be 
identified. 
This thesis is concerned with the model, DOLY. This has been 
developed from the model described by Woodward et aL (1995). This model 
has been improved so that it is able to incorporate soil feedbacks using the 
CENTURY model (Parton et aL, 1993), has a better hydrological sub-model 
incorporating the water dynamics used by the CENTURY model, and is able to 
run with transient climate data. The model's sensitivity to its soils and climate 
inputs is examined and discussed. In addition, DOLY has been coupled with the 
UKMO GCM to model feedback effects between climate and vegetation both 
for the present day and for a2x C02 climate. There is a simulation of the 
effects of climate change on global vegetation using DOLY and a life-form 
(functional type) model. Also, the latest transient climate data from the UKMO 
are used to demonstrate likely changes in LAI and NPP between now and the 
end of the 21 st century. 
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1.6 Form of thesis 
This thesis is divided into two sections. The first section concerns 
model development, and the second section concerns the applications of the 
model output. 
Chapter 2 introduces the World and DOLY models. There is a 
description of the development from the prototype presented by Woodward 
(1987) to the present model, DOLY. The following two chapters examine the 
sensitivity of the DOLY model to changes in soils and climate inputs. The 
remaining chapters consider the applications of the model output. Chapter 5 
examines the impact of climate change simulations on NPP and LAI, and shows 
maps of functional types derived from a life-form model. An example of the 
change in tree cover at the boreal forest and tundra boundary provides a case 
study. In Chapter 6, DOLY and the United Kingdom meteorological office 
(UKMO) general circulation model are coupled to determine the impact of 
vegetation and the effects of feedbacks on the GCM. Chapter 7 considers the 
effect of using of different climate datasets on the DOLY model outputs. A 
chapter then follows on the effect of climate change, as simulated by the 
transient data from the GCM, on LAI and NPP values. There is an attempt to 
validate the outputs of LAI and NPP from DOLY against field and satellite data 
in Chapter 9. The thesis concludes with a discussion of the results obtained. 
1.7 Aims of thesis 
i) To detennine the distribution of global vegetation and the effects of 
climate change on that vegetation using a simple Dynamic Global 
Phytogeography model, (DOLY) and a life-form (functional type) model. 
ii) To use the output from the DOLY model in a general circulation 
model (GCM) to determine the feedback effects of vegetation on climate. 
iii) To use the output from the DOLY model to determine the changes in 
LAI and NPP with a transient change in climate. 
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CHAPTER 2 
2 Model development 
2.1 Introduction 
Most of the results presented in this Ph. D. have been obtained from 
runs of the Dynamic Global Phytogeography Model (DOLY), described in 
Woodward et al. (1995). This model was developed from an earlier and 
simpler water-based model called World, which in turn was derived from a 
model described by Woodward (1987). Other models have since been 
developed to create the more recent DOLY model which can operate with soil 
feedbacks. 
This chapter will describe each of these models in turn and their 
contribution to the development and creation of the water and soil feedback 
version of DOLY. Examples of output from the World model will be shown 
and limitations of this model discussed. DOLY will also be described together 
with details of modifications made to the water initialisation and the soil 
feedbacks. A life-form model was developed to determine the distribution of 
functional types calculated from net primary productivity (NPP) and leaf area 
index (LAI). This is described in detail in Chapter 5. 
2.2 World 
In the introduction to this thesis the need was stressed for a global 
vegetation model that is able to interact with the global climate to give the 
current distribution of the world's vegetation. Such a model would enable the 
ecological community to look forward and predict what will happen to the 
world's vegetation in the future with a change in climate. A global vegetation 
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model is also required by the United Kingdom Meteorological Office (UKMO) 
to be used in conjunction with their general circulation model (GCM) to enable 
a more representative vegetated surface to be incorporated into the world's 
climate. 
The aim of this section is to introduce and describe a simple 
biogeography model called World and to discuss its development. Global maps 
of LAI and NPP will be presented. NPP is the rate of production of biomass by 
green plants in a year (gC M-2 yr- I or tC ha -I yr- 1). Problems involved with 
World will be discussed and the following section (2.3) will introduce the more 
advanced successor to this model, DOLY. 
World is a simple mechanistic model. A prototype was described in 
Woodward (1987), and later in Woodward (1993). World relies on a water 
balance approach to predict leaf area index, which is defined as the amount of 
leaf per unit area of ground (M2 leaf /M2 ground). Woodward (1987) made three 
assumptions: 
i) as LAI increases then so does transpiration, 
ii) throughfall (the amount of precipitation reaching the ground (including 
steniflow) after interception by the vegetation and evaporation off the vegetated 
surface) decreases as LAI increases and is the only source of water for 
transpiration, and finally, 
iii) vegetation will have the maximum LAI that can be supported in terms of 
transpiration. 
The model is run with several values of LAI to determine the 
equilibrium value of LAI for hydrological balance. In other words, the LAI for a 
given site is assumed to correspond to the value for which evapotranspiration 
matches precipitation. The model is driven by climate data inputs recorded at a 
standard meteorological site: monthly totals or means of precipitation, solar 
radiation, air temperature, relative humidity and wind speed close to the land 
surface. Evapotranspiration is calculated using the Penman-Monteith equation 
(Monteith, 1973) and general formulae are used to determine boundary layer 
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and stomatal conductances (Monteith, 1973; Grace, Fasehun and Dixon, 1980; 
Jones, 1983). 
A number of alterations have been made to this prototype to enable the 
model to operate with other climate datasets. In addition, the model has been 
extended to predict net primary productivity. Water use efficiency and 
evapotranspiration are used to determine the gross yield and a respiration term 
is subtracted to give NPP. Furthermore, improvements have been made to 
calculations used within the model, such as boundary layer conductance and 
stomatal conductance. 
The original use of this model was to predict the distribution of global 
vegetation from the water balance alone, and to determine the impact of 
climate change on this distribution. This was not an easy task as a number of 
other variables, for instance soils, also influence global vegetation distribution 
through the carbon and nitrogen cycles. A number of problems were 
encountered in achieving these aims and they are discussed in section 2.2.8. 
Figure 2.1 shows how climate inputs, solar radiation and atmospheric 
C02 are used in the various processes within the World model. The links 
between these processes are also displayed. Humidity is used to calculate 
vapour pressure deficit but is not shown. Additional inputs of canopy details, 
which influence soil water and evapotranspiration, and site details, which 
influence solar radiation, are also not shown but they are described in section 
2.2.1. 
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Inputs 
Rai&I Wind speed Solar radiation Temperature Atmospheric 
carbon dioxide 
Soil water Boundary layer Stomatal VPD WUE 
conductance conductance 
Evapotranspiration 
; 
Yield 
alance Water bi 
Figure 2.1 The main inputs, processes and outputs of the model World. 
The following sections provide additional details on the World model 
and the response of its variables to environmental inputs. Sections 2.2.1 to 
2.2.3 describe all the inputs to World, and the calculation of stomatal 
conductance and boundary layer conductance. Section 2.2.4 is concerned with 
evapotranspiration, and its sensitivity to changing temperature and vapour 
pressure deficit. The water balance calculation used by the World model is 
described in section 2.2.5 and section 2.2.6 describes how water use efficiency 
is calculated and used with evapotranspiration to determine yield and NPP. 
Finally, in sections 2.2.7 and 2.2.8 the LAI and NPP results are presented and 
discussed. 
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2.2.1 Inputs to World 
There are three main inputs into the World model: climate, canopy 
details and site details. The site details consist of the latitude and longitude of 
the site. The latitude is used together with the solar declination to calculate the 
solar radiation at the Earth's surface. The values of the solar declination vary 
through the year. The value for the 15th day of each month was used within the 
program in order to speed computation. The canopy details are the leaf 
dimension (cm), throughfall (%), canopy reflectivity (%), and the amount of 
LAI, at each of six canopy levels (strata). The total leaf area is divided into 
these six strata. Stratum one is the herbaceous layer, at ground level. Strata 
two and three form the boundary beneath the main canopy crown, which has 
the greatest leaf area density in stratum five. All these parameters are set for 
LAI values ranging between I and 9 at the start of the program and were 
derived by Woodward (1987) from a variety of publications. The leaf 
dimension is the characteristic dimension which is related to the mean width of 
the leaf, and increases as the leaf area index increases. Throughfall is the 
percentage of incoming rainfall that reaches the ground surface after allowing 
for interception by the vegetation (remaining as a thin layer of surface water on 
leaves, branches and trunks). Some of the intercepted water evaporates whilst 
the remainder is added to throughfall as leaf drip. No allowance is made for 
sternflow. Throughfall decreases as the leaf area index increases (Rutter et al', 
1975). Canopy reflectivity (albedo) also varies with leaf area index, ranging in 
value from 15 to 19 % with a mean value of 16 % (Woodward, 1987). These 
parameters are shown in Tables 2.1 and 2.2. 
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Table 2.1 Values of throughfall, canopy reflectivity and leaf size for values of 
LAI from I to 9 
Parameter LAI (M2 M-2) 
1 2 3 4 5 8 9 
Throughfall 95.0 93.5 92.0 90.5 89.0 87.5 86.0 84.5 83.0 
N 
Canopy 19 18 17 16 15 15 15 15 15 
reflectivity 
N 
Leaf size 0.50 0.75 1.00 1.75 2.50 3.75 5.00 6.75 7.50 
(cm) 
Table 2.2 The distribution of LAI through the six strata of the canopy for 
values of LAI from I to 9. 
LAI LAI for each stratum (I to 6) 
2 3 4 5 6 
1 0.10 0.50 0.20 0.05 0.05 0.10 
2 0.20 0.90 0.56 0.07 0.07 0.20 
3 0.30 1.30 0.90 0.10 0.10 0.30 
4 0.40 1.55 1.00 0.55 0.15 0.35 
5 0.50 1.80 1.10 1.00 0.20 0.40 
6 0.50 2.15 1.50 0.95 0.30 0.60 
7 0.50 2.50 1.90 0.90 0.40 0.80 
8 0.50 2.50 2.20 1.55 0.45 0.80 
9 0.50 2.50 2.50 2.20 0.50 0.80 
The climate data were obtained from MOller (1982) which contains 
climate data for around 2000 stations, world-wide, and includes the following 
variables for each month: 
i) mean daily temperature ('C), 
ii) temperature range ('C), i. e. mean daily maximum temperature 
minus mean daily minimum temperature, 
iii) absolute minimum temperature ('C), 
iv) mean relative humidity (%), 
v) mean monthly precipitation (mm), 
vi) solar radiation (ly day-1), 
vii) mean wind speed (m s-1) for each month. 
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Due to its better spatial coverage, the HASA climate dataset (Leemans 
and Cramer, 199 1) was used in later versions of the World model. This is on a 
0.51' latitude by 0.5" longitude grid, but has fewer variables than MOller. 
Precipitation and temperature data from HASA were used in the model, together 
with humidity data supplied by Rik Leemans (pers. comm. 1993). The wind 
speed had to be set to a global value of 2m s-1, as these data were not available 
globally on this grid. Solar radiation was calculated from the latitude of the site, 
solar declination (Jones, 1983), the solar constant and attenuation in the 
atmosphere. Further details are given in the next section. Absolute minimum 
temperature was calculated from the mean temperature using the following 
formula supplied by Dr. Tom Smith, Department of Environmental Sciences 
University of Virginia. 
tabmin = 1.3t - 20 (2.1) 
where tabmin is the absolute minimum temperature ("C) and t is the monthly 
mean temperature ('C). 
This absolute minimum temperature formula gives similar results to the 
formula used by Prentice et aL (1992), which is also based on the mean 
temperature at a site. It is used as a threshold value for different functional types 
of vegetation (see Chapter 5). Further details will be given later in this chapter. 
Wind speed is used in the calculation of boundary layer conductance, which in 
turn is used within the Penman-Monteith equation for evapotranspiration. 
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2.2.2 Solar radiation and stomatal conductance 
Incoming solar irradiance (W M-2) at the Earth's surface, for an average 
day of a given month is calculated from the latitude and solar declination. Solar 
declination, 5, is calculated using the formula from Jones (1983): 
-23.4 x cos 
360(Td + 10) 
(2.2) 365 
where Td is the number of the day in the year. Td -` I on January I st. 
Note that solar declination is zero at the equinoxes, -23.4 at the winter solstice 
and 23.4 at the summer solstice. The values used in the model are shown in 
Table 2.3 
Table 2.3 Solar declination for the middle dav of each month throvah the vear. 
Month 1 2 3 4 5 6 
Solar Declination -21.3 -13.7 -2.9 9.3 18.7 23.3 
Month 7 8 9 10 11 12 
Solar Declination 21.5 13.8 2.3 -9.5 -16.4 -23.3 
Thesolar irradiance, S, at each hour of the day has been predicted from daily 
published integrals by the following: 
S=S. (sin 0 sin 8) + (cos 0 cos 8 cos h) (2.3a) 
The maximum daily solar irradiance SM (W M-2) received at the Earth's surface 
is calculated from the incoming solar radiation, both direct and diffuse, with 
allowance for the depth of the atmosphere, absorption by the atmosphere and 
cloud cover (Woodward, 1987; Jones, 1983): 
Sm F, S7c x 0.55 x 1360 x 0.7 
1.32 
(2.3b) 2N x 3600 
where IS is the published daily integral of irradiance, the solar constant 
(incoming solar radiation on an area at right angles to the solar beam and 
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outside the Earth! s atmosphere) has a value of 1360 W m-2, and mean 
atmospheric transmittance is set as 0.7 which is close to a value for a clear dry 
atmosphere (Woodward, 1987, derived from Gates, 1980). 
The daylength, N (hrs) is estimated from: 
2 sec 
15 
where 
(2.4) 
cos h=- 
(sin ý sin 8 
(2.5) (Cosý COS8 
and h is the time measured as an hour angle, sec h is the secant of the hour 
angle, ý is the latitude and 8 is the solar declination (Gates, 1980; Woodward 
and Sheehy, 1983). The hour angle of the sun is the measure of time from solar 
noon and one hour is equivalent to IS. At solar noon cos h=1. The daylength 
is converted to seconds by multiplying by 3600 (seconds in an hour). The depth, 
or air mass, m, of the atmosphere, is related to the solar zenith angle and 
increases with latitude. It is set as a mean value of 1.32 in World (z =41 ") from 
Jones (19 8 3). There is also an adjustment for cloud cover, and a global mean 
value of 55% was chosen (the global range is of the order of 40 to 70% 
(Woodward, 1987)). 
Leaf area is divided into six strata (see Table 2.2). The average 
irradiance on a horizontal surface below a leaf area index, La, is derived from 
Beer's law (Woodward, 1987): 
I= loe- kLa 
where 
(2.6) 
10 is the irradiance at the top of the canopy (W M-2). The parameter, k, is an 
extinction coefficient; a typical value is 0.5, which was used in the program. 
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Leaf stomatal conductance, sc is calculated from (Jones 1983; Woodward, 
1987): 
I 
SC 
b (2.7) 
rm in +- IL 
where r. i,, is the minimum stomatal resistance and b is a measure of the 
sensitivity of stomatal resistance, r (=I/sc), to the radiant flux on a unit area of 
leaf surface, IL. A fixed value of 400 s m-1 was selected for rmin on the basis of 
a review by K6rner, Scheel and Bauer (1979) who found that this was a typical 
mean value for a variety of floras. This is itself no doubt dependent on vapour 
pressure deficit. The sensitivity of stomatal resistance to irradiance, b, has a 
value of 29500 s m-1 W M-2, which predicts significant increases in stomatal 
resistance at irradiances below about 200 W nj-2. 
In order to calculate canopy stomatal conductance, gc , the leaf stornatal 
conductance, sc is integrated through all the layers of the canopy: 
L ,s dL 9c fo, c (2.8) 
where L is the leaf area index of the canopy. 
This equation may be integrated analytically for simple light response curves 
such as equation 2.7 providing that Beer's law can be assumed to hold with a 
vertically uniform extinction coefficient. The data from Table 2.2 are therefore 
not used here. Substituting equations 2.6 and 2.7 into 2.8 gives the following 
integral: 
0e-kL --d L 
a0e- 
kL +b (2.9) 
where a is rmin and b is 29500 s m-1 W M-2. 
Integrating equation 2.9 gives: 
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In al 0+b 
ka aI 0e-U+b 
The integration for equations 2.8 to 2.10 was calculated by Dr. Peter Cox of 
the Hadley Centre. 
Prior to this calculation, and in earlier versions of World, canopy 
stomatal conductance was calculated using LAI, the leaf stomatal conductance 
values and the LAI for each stratum. The LAI for each stratum of the canopy 
was multiplied by the leaf stomatal conductance for that stratum and this 
product was added to that for the stratum above. 
For example, the canopy stomatal conductance down to stratum 3 in the 
canopy would be: 
9 
c3 
-- 9 
c4 
+ (Sc3 xL3) (2.11) 
where 
90 is the canopy stomatal conductance from stratum 6 (top) to 3 for a given 
LAI. 
9c4 is the canopy stomatal conductance from stratum 6 (top) to 4 for a given 
LAI. 
SO is the leaf stornatal conductance for stratum 3 for a given LAI 
L3 is the LAI for stratum 3 
The new equation (2.10) for stomatal conductance avoids the need to 
divide up the values of LAI according to depth within the canopy, and is a 
much simpler equation to use. Figure 2.2 shows how canopy stomatal 
conductance varies with incomýing solar radiation and LAI. As the LAI 
increases then canopy stomatal conductance increases for the same solar 
radiation value. There is also a greater range of canopy stomatal conductance 
values with higher LAI values than with the lower values. 
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Figure 2.2 Canopy stomatal conductance versus incoming solar radiation values 
for three values of leaf area index (LAI), 1,5 and 9. 
To further improve the calculation of canopy stornatal conductance 
within World and to replace the single global value of rmin, which is clearly 
unsatisfactory given the variety of vegetation types and climates across the 
world, a look-up table was incorporated into the model. In fact, from K6rner et 
aL (1979), the range of maximum stomatal conductance values for woody plants 
was 0.1 to 0.5 cin s- 1 (1000 to 200 sm- I minimum stomatal resistance) and, for 
herbaceous plants, 0.2 to 1.4 cm s-1 (500 to 71 sm-1 minimum stomatal 
resistance) with a value of 0.6 cm s- I (167 sm- I minimum stomatal resistance) 
occurring most often. The look-up table was produced using data from 
Woodward and Smith (1994b). They showed how both stomatal conductance 
and photosynthesis varied globally in response to temperature, irradiance, 
vapour pressure deficit (VPD) and soil types. They used the Holdridge life-zone 
classification to divide up the major biomes of the world on the basis of annual 
precipitation, potential evapotranspiration and annual biotemperature. 
Biotemperature is defined as the average of the temperatures (daily, weekly or 
monthly) through the year that exceed 0 'C. If temperatures equal or are below 
0"C then they are set to 0 "C. Woodward and Smith 
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0 
(1994b) then extracted maximum stomatal conductance values from 
experimental data, obtained by K6mer (1994), and Woodward and Smith 
(1994a), for each of these biomes. Using the Leemans and Cramer (1991) 
climate dataset to obtain the monthly mean temperature and annual 
precipitation of each 0.5 by 0.5 degree grid cell it is possible to derive an 
annual average climate. This climate is used to define the expected biome from 
the Holdridge classification and the associated maximum stomatal conductance 
for each cell. The following table (Table 2.4) was produced for the 36 biomes. 
The asterisk (*) denotes biomes for which the model predicted value Of Gmax 
(mmol H20 M-2 s"I) from Woodward and Smith (1994b) has been used due to 
the lack of an observed value. 
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Table 2.4 Biome number, description, and maximum stomatal conductance 
(Gmax) predicted on the basis of mean monthly temperature and annual 
precipitation limitations by Woodward and Smith (1994b). 
Biome 
Number 
Description Maximum stomatal 
conductance (Mmol M-2 S-1) 
I Polar dry tundra 150 
2 Polar moist tundra 260 
3 Polar wet tundra 290 
4 Polar rain tundra 160 
5 Boreal desert 180 
6* Boreal dry bush 249 
7 Boreal moist forest 240 
8 Boreal wet forest 240 
9 Boreal rain forest 170 
10 Cool temperate desert 202 
11 Cool temperate desert bush 240 
12 Cool temperate steppe 287 
13 Cool temperate moist forest 300 
14 Cool temperate wet forest 196 
15 Cool temperate rain forest 190 
16 Warm temperate desert 100 
17 Warm temperate desert bush 262 
18 Warm temperate thorn steppe 281 
19 Warm temperate dry forest 285 
20 Warm temperate moist forest 390 
21 Warm temperate wet forest 290 
22 Warm temperate rain forest 180 
23 Subtropical desert 100 
24 Subtropical desert bush 205 
25 Subtropical thorn steppe 273 
26 Subtropical dry forest 330 
27 Subtropical moist forest 407 
28* Subtropical wet forest 392 
29 Subtropical rain forest 320 
30 Tropical desert 120 
31* Tropical desert bush 41 
32* Tropical thom steppe 82 
33 Tropical very dry forest 400 
34 Tropical dry forest 354 
35 Tropical moist forest 482 
36 Tropical wet forest 320 
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Mean monthly temperature and annual precipitation values were 
calculated from the Leemans and Cramer (199 1) dataset and, by using Table 2.4 
as a look-up table within World, the appropriate maximum stomatal 
conductance value was extracted. The evapotranspiration calculation (equation 
2.17) includes conductances in non-molar units (m s-1). This stomatal 
conductance value was therefore converted using equation 2.12 and the 
reciprocal taken to obtain the minimum stomatal resistance (rmin). 
Non-molar canopy stomatal conductance (gc) is calculated as follows: 
9c = 
RTkgcmoi 
(2.12) looopa 
gc is in units of m s-1, 
gc,, ýOj is in units of MMOI M-2 S-1, 
Pa is atmospheric pressure at sea level, Pa; set as a constant for sea-level 
pressure, 101325 Pa, 
Tk is absolute temperature (kelvin) derived by adding 273 to the mean monthly 
temperature value. 
R is the gas constant =8.3144 J mol-I K-1. 
The minimum stomatal resistance value was then used as variable, a, in 
equation 2.10. Figure 2.3 shows the values of canopy stomatal conductance for 
a range of Gmax values. 
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Figure 2.3 Canopy stomatal conductance for a range of incoming solar 
radiation values and for different Gmax values (mmol M-2 s-1). The LAI is 5 and 
the temperature is 15'C. 
Comparing Figure 2.3 with Figure 2.2 it can be seen that the canopy 
stomatal conductance values for an LAI of 5 in Figure 2.2 are close to those 
for the Gmax value of 100 mmol M-2 S- 1 in Figure 2.3. This is due to the fact 
that the rmin value of 400 s m-1 is close to the Gmax value of 100 mmol M-2 S-1 
at a temperature of 15'C. It can also be seen that by using higher values of 
Gmax the canopy stomatal conductance increases for a given solar radiation. 
This comparison highlights the limitation of using just one global value for 
stornatal resistance. The Gmax value of 100 mmol M-2 s-1 occurs in many and 
areas, as shown in Table 2.4 and caused the World model to predict lower 
values of canopy stornatal conductance than would have occurred in reality. 
From Table 2.4 and Figure 2.3 it can be seen that in climates where there was 
no shortage of water, for instance, in the tropics, temperate latitudes, boreal 
and arctic regions, the stornatal conductance would be greater. 
36 
2.2.3 Boundary layer conductance 
Boundary layer conductance (ga) was initially derived using wind speed, 
LAI and leaf dimension. For a given LAI, the boundary layer conductance is 
calculated by cumulating the individual boundary layer conductance values for 
each layer of the canopy and is obtained from the following formulae. These 
formulae were derived from relationships established by Monteith (1973), and 
Grace, Fasehun, and Dixon (1980), and are for conditions of forced convection 
i. e. when there is a flow of air (as opposed to free convection which occurs 
when there is a difference between the leaf and air temperatures): 
9a3 "-ý 9 a4 
+ (S 
a3xL3) (2.13) 
where 
ga3 is the canopy boundary layer conductance from stratum 6 (top) to 3 for a 
given LAI, 
gc4 is the canopy boundary layer conductance from stratum 6 (top) to 4 for a 
given LAI, 
SO is the leaf boundary layer conductance for stratum 3 for a given LAI, L3 is 
the LAI for stratum 3 and, 
Sas the boundary layer conductance for leaf stratum, s, is calculated as follows, 
0.015exp(O. 56log(g)) 
as 
exp(O. 46log(DL/100)) 
where 
DL is the leaf dimension (cm) for LAI, L. 
g is wind speed (m s-1) recorded at a meteorological station. This is set to 
2m s-I for the top layer of the canopy and 0.2 rn s-I within the canopy when 
wind speed data are not available for a site. Landsberg and James (1971) 
suggested a value of 0.4 m s-1 within woody canopies, but within grasses and 
near to the ground the wind speed would be close to zero, so a mean of 
0.2 m s-I was selected. 
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Once the HASA dataset was used, and wind speed was no longer 
available, an alternative equation to equation 2.14 had to be employed. This 
new equation is also used by the DOLY model (Woodward et al., 1995) which 
is described in detail in section 2.3. Boundary layer conductance is calculated 
from a standard logarithmic height function of vegetation height, h (Friend and 
Woodward, 1990; Jones 1992): 
g= 
3.36 
In 2000-7h 
ý2 
h 
(2.15) 
where canopy height, h (m) is derived from a simple function of leaf area index 
(Shugart, 1984): 
0.807 La 2.137 (2.16) 
Wind speed is assumed to be 20 rn s-I at 200m, a height well above the highest 
predicted canopy surface. 
38 
1.2- 
E 
0.8 
..., & .. Wnd speed 
0.6 
2rrVs 
............. 
Ax ....... Wnd speed 
0.2mls 
a 0.4-- DOLY 
0.2 
0159 LAI 
Figure 2.4 Canopy boundary layer conductance for a range of LAIs using two 
values of wind speed for World (equation 2.14), and the height equation 
(equation 2.15) as used in DOLY (wind speed assumed to be 20 m s-I at a 
height of 200m). 
It can be seen from Figure 2.4 that the boundary layer conductance as 
used in World has similar values to those used in DOLY when a wind speed of 
0.2 m s-1 is used, particularly at high and low values of LAI. If the wind speed 
increases then there is a greater differential between the boundary layer 
conductance calculated by World and the DOLY value derived from LAI 
alone. Boundary layer conductance is used in the Penman-Monteith equation 
(see section 2.2.4) in both models. The World calculation gives more accurate 
values of boundary layer conductance but, as evapotranspiration is relatively 
insensitive to this conductance compared with other variables, the equation 
used within DOLY is adequate. for most circumstances. 
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2.2.4 Evapotranspiration 
Evapotranspiration is calculated from the Penman-Monteith equation 
(Monteith, 1973). This equation is a modification of the original equation 
presented by Penman (194 8) which estimated the potential evaporation for a site 
using standard meteorological measurements such as wind speed, solar radiation 
and temperature. This calculation of potential evaporation assumes that there is 
an unlimited supply of water available to be evaporated to the atmosphere. This 
is inappropriate for plant canopies where the water supply is dependent on the 
characteristics of the plant canopy itself. Monteith (1965) modified Penman's 
equation to take account of different vegetation surfaces with differing stomatal 
conductances and LAI values. This equation for evapotranspiration is used to 
provide hourly values for an average day for each month of the year. 
sA +CpPgaD 
X (S+ y 
(I+ ga (2.17) 
gn 
where 
ET is the evapotranspiration flux, g m-2 S-1, 
s is the vapour pressure parameter, Pa "C- I' 
A is the available energy of the canopy, W M-2, 
cp is the specific heat capacity of air, J g-IOC-1, and is set at a constant value of 
1.0 1J g- I OC- I in World, although it does vary slightly with temperature, 
p is the density of air, g M-3 1, 
D is vapour pressure deficit, (VPD) Pa, 
X is the latent heat of vaporization, J g-1, 
ga is boundary layer conductance, m s-1, 
gn is non-molar stomatal. conductance, m s-1, and 
y is the psychrometric constant, Pa OC-1. 
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The net radiant balance of the canopy, Rn, (W M-2), is calculated from 
incoming solar radiation, 101 This is an empirical relationship used by Monteith 
(1973) and Rosenberg (1974). 
Rn= 0.8410 - 94.1 (2.18) 
The soil heat flux, G, is approximately constant for a range of different 
vegetation types as shown in Monteith (1976): 
0.033 Rn 
- (2.19) 
As the available energy, A, is: 
A=Rn-G (2.20) 
then 
A= 0.967(0.841. - 94-1) (2.21) 
The vapour pressure parameter (s), the latent heat of vaporization (k), and the 
density of air (p) are all dependent on hourly temperature. X and p decrease with 
increasing temperature but the vapour pressure parameter increases. 
The rate of change of saturation pressure, s (Pa T-1) with temperature, t (T), is 
non-linear. 
48.7 exp(O. 0532t) (2.22) 
The density of air, p (g M-3) is calculated as follows: 
p= 1288.4 - 4.103t (2.23) 
The latent heat of vaporization of water, X (J g-1) which is also dependent on 
temperature is: 
X= 2500.9 - 2.37t 
The psychrometric constant, y (Pa "C-1) is derived as follows: 
7=P,, cp / 0.622k 
Atmospheric pressure, Pa, is set at 101325 Pa. 
(2.24) 
(2.25) 
t6 
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The vapour pressure deficit, D is defined as the difference between the actual 
vapour pressure (e) and the saturation vapour pressure at the temperature of the 
sample (e. (t)). It is obtained in the following manner. The saturation vapour 
pressure, e. (t), at the wet-bulb temperature (Pa), is the maximum amount of 
water the air can hold in the vapour stage. It is related to temperature and is 
derived from the following equation, (Jones, 1983): 
e., (t) = 610.8exp((17.269t)/(237.3 + t)) (2.26) 
The vapour pressure, e (Pa) is the pressure exerted by the amount of water 
vapour content in the air. It is derived from mean relative humidity. Relative 
humidity is easy to measure using hygrometers or wet and dry-bulb 
thermometers but it is difficult to find a single value to represent relative 
humidity for the whole day. The commonly recorded daily value at nine o'clock 
in the morning may not be suitable for modelling. When World was written, 
such data were the only indication available as to the humidity at a site. The use 
of weather generators in the future may be of some help and show the variation 
of relative humidity values throughout the day. At the moment, though, it is not 
a valid exercise to extrapolate values for the rest of the day. Therefore, hourly 
values of relative humidity were not calculated within the program, so the value 
of e is obtained from the daily mean temperature, t, and the daily mean relative 
humidity, Rh. It should be noted though that it is possible to predict a daily 
trend in the vapour pressure deficit if it is assumed that the dew point 
temperature is constant through the day and the dry-bulb temperature has the 
same diurnal trend. Humidity data were either extracted for individual sites from 
the Willer dataset (1982), or on a global grid from data supplied by Rik 
Leemans (pers. comm. 1993). 
e= (Rh / 100) 610.8exp((17.269t) / (237.3 + t)) (2.27) 
t is the daily mean temperature (*C). 
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The terms g,, and gs in the Penman-Monteith equation are boundary 
layer resistance and stornatal conductance and have been discussed above. 
The equation for evapotranspiration in terms of W m72 can be converted 
to the more convenient units of kg M-2 hr-I (which happens to be numerically 
equivalent to mm hr-1) by the following equation: 
ET 
..... =3600 
ET/1000 (2.28) 
ETmm is evapotranspiration for the whole canopy in units of kg H20 M-2 hr I. 
Vapour pressure deficit (VPD) is calculated from humidity and 
temperature. Figure 2.5 shows how VPD varies with temperature for a range of 
humidities. VPD increases with increasing temperature, but the amount and rate 
of increase decreases, as the relative humidity increases. If VPD is kept constant 
with a constant incoming solar radiation value of 500 W nr2 and LAI of 5 the 
evapotranspiration decreases slightly (of the order of 100 W M-2 over a 45 *C 
temperature range) as temperatures rise (see Figure 2.6). 
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Figure 2.5 The response of vapour pressure deficit (VPD) to increasing 
temperature for four different relative humidity (RH) values. 
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Figure 2.6 The response of latent heat flux to increasing temperature for five 
different VPD values. The LAI is 5 and the incoming solar radiation, 10ý is set at 
500 W M-2. Stornatal conductance is held as a constant. Varies means that the 
VPD is allowed to vary with temperature (i. e. the equations 2.26 and 2.27 have 
been used with the relative humidity set to 50%). Latent heat flux increases 
rapidly if both the temperature and the VPD increase. The other VPD values are 
set as constants ranging between I kPa and 5 kPa in the evapotranspiration 
equation. 
From Figure 2.6 it can also be seen how latent heat flux increases with 
VPD for a given temperature. The highest latent heat flux values occur with the 
highest VPD. 
Latent heat flux also increases with increases in net radiation, stornatal 
conductance and temperature alone. In Figure 2.2 as the incoming solar 
radiation increases so does the stornatal conductance. The increase with 
temperature and incoming solar radiation is shown in the following figure 
(Figure 2.7) which demonstrates how latent heat flux varies over a range of 
temperatures for an LAI of 5 for two different scenarios. One includes an 
increase in incoming solar radiation with temperature, the other keeps the 
incoming solar radiation constant but increases the temperature. 
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Figure 2.7 Latent heat flux calculated using the World model for an 
LAI of 5 and a relative humidity of 50% over a range of temperatures. The 
incoming solar radiation increases with temperature as in Figure 2.6. Two 
scenarios are shown: 
i) the incoming solar radiation has been increased from 500 W M-2 to 1400 
W M-2 in increments of 100 W M-2 for each PC temperature rise, and 
ii) the incoming solar radiation has been set at a constant value of 500 Wm -2 
An increase in incoming solar radiation causes an increase in latent heat 
flux, both directly, through an increase in net radiation, as well as indirectly 
through an increase in stomatal conductance. At higher incoming solar radiation 
values, though, the rate of change in stomatal conductance with increasing 
radiation is small. Evapotranspiration is very closely related to stomatal 
conductance and would almost double (factor of 1.97 at temperatures below 
20"C for an LAI of 5), if the stomatal conductance is doubled. However, as 
temperatures rise and exceed 20 T the influence of stomatal conductance 
diminishes slightly and the evapotranspiration would increase by a factor of 1.8 
for a temperature of 45 T and an LAI of 5 for a doubling of stomatal 
conductance from 0.003 to 0.006 rn s-1 . 
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It has been shown how net radiation and temperature influence a number 
of variables used within the Penman-Monteith equation for evapotranspiration. 
These influences need to be considered when analysing the response of the 
model to changes in climate. In Chapter 4, a sensitivity analysis considers these 
responses using the water version of the DOLY model (see section 2.4 for a 
description) in relation to the effect of changing climate input variables. 
2.2.5 Water Balance 
The amount of soil water at a vegetated site is determined by rainfall, 
LAI and evapotranspiration. Precipitation that falls at a given site has two paths 
to the ground surface. It is either intercepted, with allowance made for some 
evaporation off the leaf surface, and then drips to the ground, or reaches the 
ground via sternflow, or it falls directly to the ground as throughfall. 
Throughfall varies with LAI and the values used in the model are shown in 
Table 2.1. Some of this water goes to the soil (and is then accumulated through 
the year) and the rest is evaporated, so at the end of the year we have a situation 
where all the water that has fallen at a site has been accounted for. The soil is 
assumed to be a bucket and to be at field capacity at the start of the year. No 
allowance is made for snow accumulation or melting. 
The amount of water available to vegetation at a site is calculated 
through the year. Water is added according to the amount of precipitation, and 
evaporated according to temperature, LAI and humidity, with the amount in the 
soil fluctuating accordingly. If the cumulative water balance falls below minus 
80 mm then a drought is assumed to have occurred, causing leaves to drop off 
the vegetation. This rounded value was chosen from work done by Priestley and 
Taylor, (1972) and Lockwood (1979) who determined that 75 mm of water 
(rainfall equivalent measurement of volume) was available for transpiration 
from the soil at field capacity. Providing the water balance is 
46 
greater than minus 80 mm there is enough water for any vegetation at the site 
to survive. 
2.2.6 Water use efficiency 
Water use efficiency was not calculated in the original program 
described by Woodward (1987) but is used in World to derive net primary 
productivity (see section 2.2.7). A general definition of water use efficiency 
(VYIUE) is the ratio of net assimilation to water loss, although there are a variety 
of other definitions (Jones, 1992). These are dependent on factors such as 
whether the water use is defined as total transpiration alone or 
evapotranspiration, which includes soil evaporation and rainfall interception 
losses. Also, net assimilation can be in terms of net C02 exchange, or in terms 
of total dry matter, or above ground dry matter. In addition, molar or mass 
units may be used. 
W`UE is required along with evapotranspiration data, to calculate yield 
in the absence of any nutrient and photosynthetic input in the World model. It 
can be calculated as an instantaneous rate, or as a rate occurring over a longer 
time period of at least a day. In World, values of vapour pressure deficit and 
evapotranspiration are calculated for the hours of daylight only, which means, 
in effect, that only daytime assimilation is available, instead of the net C02 
exchange for the whole plant community for the full 24 hours. In view of this, 
the proportion of assimilation that is lost in respiration needs to be calculated. 
It is convenient to divide this respiration into growth respiration (that is the 
respiration produced in connection with growth) and maintenance respiration 
(that is the respiration produced by maintaining the current plant parts). In 
reality, there is no biochemical separation in these respiration terms in the plant. 
To calculate the amount of dry weight produced for a given growth respiration, 
a conversion efficiency of 0.53 g dry weight per g C02 is given by Jones 
(1992). Also, maintenance respiration is given as 15 to 3 0% of net assimilation, 
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which means that between 0.37 and 0.45 g dry weight are produced per g C02 
overall. A mean value of 0.4 g dry weight produced per g C02 of respiration 
(growth and maintenance) is used in the model. 
The long-term water use efficiency is calculated from atmospheric C02 
and vapour pressure deficit using a simplified version of the equation presented 
by Farquhar et aL (1982): 
WUE = 
(1 
- 
ý)(Pa 
- pi) 
(2.29) 1.6D 
where the units of WUE are mmol C02 (mol H20) -1, 
ý is the proportion of net daytime fixation of carbon in the shoots which is lost 
by respiration and is set as 0.3, for an average crop plant growing under good 
conditions. 
Pa is atmospheric C02 partial pressure, Pa, 
Pi is the partial pressure Of C02 in intercellular spaces, Pa, and is set to 0.7Pa 
D is vapour pressure deficit, Pa. 
The factor 1.6 arises because water vapour diffuses through air more rapidly 
than does C02 - 
Figure 2.8 shows how WUE varies with vapour pressure deficit. It can 
be seen that at low values of vapour pressure deficit (high values of relative 
humidity) the WUE is very high. In fact if the vapour pressure is less than 
100 Pa, WUE approaches infinity. Most of the global sites have vapour pressure 
deficit values between 0.5 and 2 kPa which give WUEs of between 9 and 2 
MMOI C02 mol H20-1. However, in high latitudes where temperatures are low 
and the humidity values are 80% or higher, the VPD is 100 Pa or lower. This 
leads to high values of NPP as shown in Figure 2.10 and is discussed in the next 
section (2.2.7). 
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Figure 2.8 Relationship between water use efficiency (WUE) and vapour 
pressure deficit (VPD) for a range of VPD values from a) 0.1 to I kPa and 
b) I to 4 kPa. 
The VTUE values for a VPD less than 0.1 kPa have not been shown because 
WUE approaches infinity as VPD approaches zero. 
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2.2.7 LAI and NPP from World 
LAI was the only output from the model described in Woodward 
(1987). World, however, has the additional output of NPP. LAI is determined 
from the water balance and is set to the maximum value that satisfies the annual 
moisture requirements. The hourly yield of vegetation can be derived from 
water use efficiency and evaporation or transpiration. In the following equation 
(Jones, 1992), evapotranspiration has been used instead of transpiration alone, 
so that water evaporated from the ground surface is also included: 
Yield = (VvrUE x 2.44 x Evapotranspiration) (2.30) 
where yield is in units of 9 C02 M-2 hr-1 
The figure of 2.44 converts the units Of '"ý MMOI C02 (mol H20)-I to 
9 C02 (kg H20) -1 as follows: 
WUEg = WUE x 
44 
18 
where 
VV'UEg is WUE in units of g C02/kg H20, 
The molecular weight of carbon dioxide is 44g mol -1 and the molecular weight 
of water is 18g mol -1 (44/18=2.44). 
Equation 2.30 is multiplied by 0.4 to allow for both growth and 
maintenance respiration (see section 2.2.6) and, as net primary productivity 
(NPP) is usually expressed in terms of carbon, the dry matter value is converted 
accordingly. The molecular weight of carbon is 12 g mol-I and the molecular 
weight Of C02 is 44 g mol -1 (12/44=0.27). 
Daily NPP is calculated using yield and the daylength which is calculated within 
the model: 
NPP = 
0.4 x 0.27 x YIELDC02 x hrs 
(2.32) 100 
where NPP is net primary productivity in units of tC ha -1 day-I 
(= gC M-2 day -1/100) and hrs is daylength (hours). 
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This daily NPP is cumulated through the growing season to obtain an annual 
NPP value for each LAI. The NPP output by the model is that for the maximum 
LAI. 
2.2.8 Results and discussion 
The following maps show the results from the methods described in the 
previous sections for determining LAI and NPP. Figure 2.9 shows the global 
distribution of LAI values and Figure 2.10 the global distribution of NPP as 
predicted by World. A number of errors are immediately evident. In Figure 2.9, 
the LAI values of 9 for Siberia, Southern Greenland, northern Scandinavia are 
obviously incorrect as these are areas with tundra vegetation or boreal forest 
with relatively low LAI values of 5 or below (Tieszen, 1978; Cannell, 1982). 
The rest of the world shows a reasonable distribution of LAI with high values of 
7 to 9 in the equatorial rain forests of South America and central Africa, 
intermediate values of 4 to 6 in the temperate forests of Europe and eastern 
America, values of I to 3 in grassland and savannah areas of Africa, America 
and Asia, and zero values in desert areas such as central Australia, the Gobi and 
the Sahara (see Archibold, 1995 for maps of the global distribution of these 
vegetation types). Any errors that arise in LAI impact on the NPP map because 
the NPP selected by the model is dependent on the LAI value. This can be seen 
in Figure 2.10. In high latitudes, values of NPP exceed 10 tC ha7l yr- I in the 
same areas where high LAI values arise; in addition, in the temperate latitudes, 
where lower LAI values are predicted the NPP is still high. High values of NPP 
also occur in the equatorial rain forest regions where they exceed 
13 tC ha -I yr-1. These values are higher than measured NPP values which are 
around 10 tC ha -1 yr-1 (McGuire et al., 1992; Cannell, 1982). There are also 
errors in the Himalayas where high NPP values of greater than 13 tC ha -1 yr-1 
have occurred. In reality there would be very low yield in this region due to the 
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Figure 2.9 Global distribution of leaf area index derived from the World model 
using the HASA dataset (P xP grid). 
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Figure 2.10 Global distribution of net primary productivity (tC ha -1 yr-I 
derived from the World model using the HASA dataset (1 0x10 grid). 
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short growing season and low temperatures leading to sparse vegetation on the 
mountains. Overall the map is poor and demonstrates that the direct use of 
water use efficiency and evapotranspiration for calculating NPP were not 
successful at a global scale. 
Figure 2.8 demonstrated how WUE increases rapidly with low values of 
vapour pressure deficit. In high latitude areas, which have high humidities and 
low rates of evapotranspiration (which seldom exceed precipitation) the model 
predicts high values of LAI and, in turn, NPP. In addition, the lack of carbon 
limitation at such latitudes, and the lack of consideration of the turnover of 
plant parts in the derivation of yield, generally, also contributed to these 
unrealistically high values of LAI and NPP. This indicates that the limited 
growing season and lack of nutrients has more influence on LAI and NPP 
values than does the amount of water availability in such regions. The fact that 
there is no water limitation on LAI leads to highest possible values of NPP 
being selected. Further south, in the more temperate regions, where humidity 
and water use efficiency are lower, NPP is still high despite the lower values of 
LAI. Evapotranspiration, however, is still high due to the moderate LAI and a 
plentiful supply of water, so the NPP remains high. 
In spite of these problems, the model World has been shown to be 
particularly suited to predicting LAI and NPP in water-limited regions of the 
world, such as Africa, where it performs well, and the LAI predictions are 
broadly applicable to much of the temperate and tropical regions of the globe. 
It is, however, deficient in areas where other factors such as nutrient availability 
play a major role in the growth and development of vegetation. This causes 
NPP values to be excessively high. 
Due to the problems caused by the omission of carbon and plant 
turnover, and because a new model was being developed that could incorporate 
nitrogen uptake and model photosynthesis, attention was switched from World 
to the new model, DOLY. This model is described in the next section. 
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2.3 DOLY 
The DOLY (Dynamic glObaL phytogeographY) model is a global 
vegetation model that has been developed by Woodward et aL (1995). The 
equations used within the model are described here. Additional information on 
improvements made to the DOLY model since its publication is provided in 
section 2.3.12. The DOLY model was designed to be a mechanistic model and to 
be modular. This modularity means that DOLY can be relatively easily 
incorporated into other models and that additional processes can be added 
without too many problems. Output from the DOLY model has been used in the 
United Kingdom Meteorological Office (UKMO) general circulation model 
(GCM) in order to determine the GCM's sensitivity to vegetation inputs, and to 
identify any feedbacks occurring between the climate and vegetation when the 
GCM is run off-line. Further details of this work are in Chapter 6. 
2.3.1 Inputs to DOLY 
The main inputs to DOLY are the climate variables: mean monthly 
precipitation (mm), mean monthly relative humidity (%) and mean monthly 
temperature (*C) and the soils data. The climate data have been obtained from 
the HASA dataset (Leemans and Cramer, 1991) which has a global resolution of 
0.5" longitude by 0.5* latitude. Soil carbon and nitrogen values have been 
obtained, for each 0.5 by 0.5 degree HASA cell, from the literature (Woodward 
and Smith, 1994b; Post et al., 1985) and are in terrns of gC M-2 and gN M-2, 
respectively. For a given climate, anywhere in the world, DOLY is able to 
predict the vegetation properties of leaf area index (LAI) and net primary 
productivity (NPP), as well as canopy stomatal conductance. Additional climate 
datasets have been used with DOLY. The results obtained from these datasets are 
presented and discussed in Chapter 7. 
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Figure 2.11 Block diagram of the inputs to, and outputs from the DOLY model. 
This shows the basic structure of the DOLY model. The model is usually run 
from climate data presented on a 0.5 by 0.5 degree global grid with 62,483 land 
cells (Leemans and Cramer, 1991). Both the climate and soils data are used in 
the calculations of nitrogen and water uptake. 
2.3.2 DOLY model parameters 
Parameters in the model include specific leaf area, which is the amount of 
leaf area per gram of leaf, and ranges from 0.007 m2 g- I in a boreal evergreen 
forest to 0.0 18 m2 g- I in a temperate deciduous forest (derived from values in 
Cannell, 1982). The value set in DOLY is 0.01 M2 g-I for simplicity, although it 
is recognised that this value is not globally applicable. Other set parameters 
include the initial soil water content, set at field capacity with a value of 0.15 9 
water (g soil)-I (Russell, 1988), and atmospheric C02 partial pressure which is 
35 Pa for the present day. The amount of respiration in light per unit area of leaf 
due to processes other than photorespiration is set at 0.82 Wol C02 M-2 S- I 
(Harley et aL, 1992), and the partial internal oxygen pressure at 2 1000 Pa 
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(Farquhar et al., 1980). These are values which have been used in the calculation 
of the net rate Of C02 assimilation. 
2.3.3 DOLY model overview 
The model has been developed in modules which can be used 
independently. The model first predicts the uptake of nitrogen and water from 
the soil. The rate of nitrogen uptake determines the rates of leaf photosynthesis, 
dark respiration and stomatal conductance (Woodward and Smith, 1994 a, b). 
These rates are then integrated to provide predictions of canopy 
evapotranspiration and net assimilation (photosynthesis minus respiration). Leaf 
area index is set to the maximum value that satisfies annual moisture and carbon 
balances. This is shown in Figure 2.12. Figure 2.13 shows the inputs, processes 
and feedbacks in the calculation of assimilation and stomatal conductance. The 
processes are described in sections 2.3.5 to 2.3.11 of this chapter. 
2.3.4 Water and nitrogen uptake from the soil 
Woodward and Smith (1994 a, b) examined work done by Read (1990) 
on mycorrhizas, and discussed the influence of the soil nutrient status on 
photosynthesis. They also described water uptake from the soil. Soil water 
content controls leaf stomatal conductance and this is described in section 2.3.7. 
Details concerning soil nutrients and nitrogen uptake are provided in sections 3.1 
and 3.2 of Chapter 3. 
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Figure 2.12 Block diagram of DOLY processes. Soil nutrient status, water 
holding capacity, climate and C02 concentration are used for the first stage in 
predicting leaf and canopy gas exchange. The second stage predicts leaf 
photosynthesis, dark respiration and stomatal conductance. Finally, these 
responses are run through a year to determine canopy evapotranspiration, net 
primary productivity (NPP) and leaf area index (LAI). There is also a feedback 
from canopy processes to plant uptake of water and leaf gas exchange depicted 
by the dashed arrow. 
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Figure 2.13 Block diagram showing the inputs, processes and feedbacks in the 
calculation of assimilation, and canopy stornatal conductance together with the 
link to the evapotranspiration calculation. Canopy boundary layer conductance 
is also used in this calculation. Temperature, precipitation, relative humidity, 
atmospheric C02 and assimilation (biochemical) are the inputs. The dotted 
arrow depicts the iteration that arises by setting the assimilation rate implied by 
the diff-usion gradient (2.58) equal to the assimilation rate derived from the 
Farquhar model (2.33) with the carboxylation rate, VC, equal to the minimum 
of Wc, Wj, and Wp. This is used to determine the internal C02 partial 
pressure. 
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2.3.5 Leaf photosynthesis 
In order to determine leaf photosynthesis, the Farquhar model is used 
(Farquhar et aL, 1980). According to this model, the photosynthetic rate of a 0 
leaf is determined by the minimum rate of at least two carboxylation processes, 
one, Wc, involving ribulose bisphosphate carboxylase-oxygenase (rubisco) and Z7 
the other, Wj, ribulose bisphosphate (RuBP). An additional rate, Wp, discussed 
by Sharkey (1985) involves triose phosphate utilization, and this is also used in 
DOLY. The net rate Of C02 assimilation, Ab, implied by biochemical processes 
is as follows: 
A=V, 
ý 
(1 
- (0.5 P, > 
/FP, b j)- Rd (2.33) 
where 
V, is the rate of carboxylation and equals min (W., Wj, Wp), 
P. is the internal partial pressure of oxygen = 21,000 Pa, 
P, is the internal partial pressure of carbon dioxide, 
IF is the specificity factor of rubisco for C02 relative to 02 (Jordan and 
Ogren, 1984) and is dependent on temperature, 
Rd is the rate of respiration in light per unit area of leaf due to processes 
other than photorespiration (Harley el aL, 1992) and is set as a constant 
0.82 M01 C02 M-2 S-1. 
The specificity factor, IF, depends on temperature (Harley et aL, 1992): 
- 3.949- 
28-99 
r (T 
( 
0.0083 1 Tk 
k e. 
where Tk is absolute temperature (kelvin). 
(2.34) 
If rubisco activity controls photosynthesis, then t6 carboxylation rate is 
wc= 
vc max pc 
P, +K. (j+P. /K) (2.35) 
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where VCmax is the maximum rate of carboxylation by rubisco. The parameters 
Kc and KO are Michaelis coefficients for carboxylation and the competing 
process of oxygenation by rubisco (Farquhar et al., 1980; Harley el aL, 1992). 
These coefficients depend on temperature, Tk, (kelvin). 
35.8 
80.5 
K, (Tk) =e0.0083 
ITk 
(2.36) 
9.6_ 
14.51 
0.083 ITk Ko (T (2.37) k)= 
loo()e 
Substituting Wc from equation ;. 35 for Vc in equation 2.33 and solving for 
VC max gives: 
Vý 
(Ab+Rd ) [P+K. (l+P. /K. )] 
c P, 
ý -0.5P. 
/F (2.38) 
The maximum rate of carboxylation Vcmax is calculated from equation 2.38 
with the internal partial pressure, Pc set to 70% of its atmospheric partial 
pressure, Pa= 35 Pa (Friend, 1991; Reynolds el aL, 1992) and with Ab = Amax, 
the maximum light-saturated rate of photosynthesis. The effects of temperature 
on this maximum carboxylation rate can be incorporated by the use of a 
response function kv (T) derived from a general function by McMurtrie and 
Wang (1993). 
vc nax(T =V 'kv(T) (2.39) c 
where Vc' is the carboxylation rate derived from equation 2.38. 
The temperature response function is: 
k, (T) = 1+0.051(T-25)-2.48xlO4(T-25)2 -909xlO-5(T-25)3 (2.40) 
where T is temperature (T). 
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This response function was found to increase at temperatures below 9.5'C, so an 
adjustment was made within the DOLY model to prevent this occurring. See 
section 2.4.5 for further details. 
If the rate of RuBP regeneration is limiting photosynthesis then the 
carboxylation rate Wj depends on the rate of electron transport, J (Farquhar and 
Von Caernmerer, 1982): 
Wi = 
PC 
- 
4(P, +P. /r) (2.41) 
The photosynthetically active quantum flux density, lq, qjmol m-2 s-1) drives 
electron transport, J (Farquhar et aL, 1980; Harley et aL, 1992): 
-CCIq 
a 
21 
55 (2.42) 
1+ 
where Jmax is the light saturated rate of electron transport. The parameter 
a=0.24 mol electrons (mol photons)-l is the efficiency of light conversion 
(Harley et aL, 1992). Iq (also called photon flux density) is obtained from the 
incoming solar irradiance, I, as follows: 
Iq= 0.51 x 4255 x 10-' (2.43) 
The ratio of photosynthetically active radiation to incoming solar irradiance is 
0.5 (Jones, 1992), and the conversion from W M-2 to mol M72 S-1 is 
4.255 x 10-6 (Woodward and Sheehy, 1983). This conversion factor is a 
conservative figure and varies somewhat between authors. Monteith and 
Unsworth (1990) suggest using a figure for total radiation close to 4.6 x 
10-6 mol j- I (PAR). They also refer to work by Howell et aL (1983) who give 
values ranging from 2.1 gmol J-1 total radiation for California to 2.9 ýLmol J-1 in 
Texas. This compares with the average energy content in the PAR for solar 
radiation of 220 U mol-I (4.54 x 10-6 mol j-1 conversion factor) assumed by 
Jones (1992). In view of these figures the conversion factor in the model may 
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be slightly on the low side, however this does not appear to have a major impact 
on the output of the model. 
Wullschleger (1993) and Reynolds et aL (1992) show that the maximum 
rate of carboxylation Vcmax and the light-saturated rate of electron transport Jmax 
are closely correlated. Light-saturated electron transport is linearly dependent on 
maximum carboxylation rate with parameters derived by Wullschleger (1993) 
from data on a 106 plant species: 
Jm ax =29.1 + 1.6 4VC "x (2.44) 
Again a response function describes the effect of leaf temperature on light- 
saturated electron transport. It is assumed that VCmax = Vc' evaluated by 2.3 8 is 
for a temperature of 25 "C, and 
Jmax =(29.1+1.64V,, ')kj(T) (2.45) 
where the temperature response is 
kj (I)= 1+0.041(T-25) -1.54 x IW(T-25)' -9.42 x IV(T-25)3. (2.46) 
This response function was also found to increase at low temperatures (6.3"C in 
this case), so as with kv(T), an adjustment was made within the model. See 
section 2.4.5 for further details. 
If triose phosphate utilization, U, limits photosynthesis, the rate of 
carboxylation is 
Wp =3U+ 
0.5Wmin Po. 
(2.47) IFPC 
where Wmin is the minimum of Wc and Wj- 
Just as Vcmax and Jmax are closely correlated, so also are U and Jmax 
(Wullschleger, 1993) and a linear function describes this relationship: 
U=5.79 x 10-' + 0.0569J n= (2.48) 
The (Farquhar et aL, 1980) model of photosynthesis has a number of 
plant variables which need to be automatically derived for every biome and 
climate. Accordingly, the approach by Woodward and Smith (1994a, b) has 
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been used in which the maximum light-saturated rate of photosynthesis, Amax 
is determined from the rate of nitrogen uptake, which is also temperature and 
soil dependent. It is an empirical function, which relates the maximum rate of 
photosynthesis in any leaf layer to nitrogen uptake, N (see equation 2.50): 
Amax = 
190N 
360+N (2.49) 
Finally Vcmax is determined from Anax (equation 2.3 3 8), followed by Jmax, Wp 
and U. 
Nitrogen is allocated to leaf layers of the canopy in response to the 
mean irradiance of the leaves: 
NT 
Iq 
io 
q 
(2.50) 
where N is the rate of leaf nitrogen uptake (mol g-I day-1), loq is the photon 
flux density at the top of the canopy (umol m-2 s-1. ) and NT is the total nitrogen 
uptake (mol g-I-day-1). This is described in detail in sections 3.1 and 3.2 of 
Chapter 3. 
2.3.6 Dark respiration 
The dark respiration rate (pmol C02 M-2 s-1) of a leaf layer is determined from 
the rate of nitrogen uptake into the leaves and depends on temperature (Harley 
et al., 1992), 
N (T 
r2 (T ) 
-e 
8.3 144 Tk 
(2.51) 
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The temperature response functions are: 
r, (T)=20+36exp(-0.14T) (2.52) 
and r, (T) = 50,000 + 81000 exp(-0.14 T) (2.53) 
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2.3.7 Canopy stomatal conductance 
Stomatal conductance forC02 from the atmosphere into the intercellular 
air spaces, is estimated for each leaf layer, derived from LAI, and then 
accumulated for the canopy. It varies across a range of environmental conditions, 
including the atmosphericC02concentration (Jones, 1992). Ballet aL (1987) 
presented an empirical relationship for representing stomatal conductance 
responses to a range of environmental conditions. These conditions have been 
modified by Woodward et al., (1995) in order to include the effects of soil 
moisture. 
gs =(90(T)+91(T)ARh /P,, 
)kg (w, ) 
(2.54) 
where 
g,, (T) is the stomatal conductance when assimilation is zero at the light 
compensation point mmol M72 S-1, 
gl(T) is an empirical sensitivity coefficient, 
A is the assimilation rate, 9MOI C02 M-2 S-15 
Rh is relative humidity of the air surrounding the leaf, 
Pa is atmospheric C02 partial pressure, usually set as 35 Pa, 
kg (w) is a function which describes the response of stornatal 
conductance to soil water content, 
T is temperature, T. 
There are some problems, noted by Aphalo and Jarvis (1991,1993), in 
connection with the appropriateness of some of the response variables such as 
the relative humidity variable, but due to the lack of a mechanistic model of 
stomatal conductance to parallel the photosynthetic model this equation was 
deemed to be adequate to use with some modification. 
Stomatal conductance measurements from different climates were 
analysed by Woodward and Smith (1994b) who showed that go and g, were 
approximately linearly dependent on temperature: 
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g, j) = 142.4 -4.8T 
gl(T) = 12.7 -0.207T 
T is the mean monthly temperature (IC). 
The values of these parameters, however, are restricted. 
g. ranges between 8 and 80 pmol M-2 s'I and 
g, ranges between 6.9 and 10 pmol M-2 S-1 . 
Water potential of the soil and leaf are important factors controlling 
stomatal conductance (Jones, 1980) and it seems reasonable to conclude that 
stomata close when the leaf water potential falls below a certain threshold value 
(Jones, 1980,1992). Gollan et aL, (1986,1992) from their work with 
sunflowers demonstrate that reductions in stomatal conductance occur as the 
soil water content declines, even though the leaf water potential remains 
unchanged. This response is attributed to non-hydraulic communication 
between the root and shoot probably by abscisic acid (ABA) with a response of 
decreasing stomatal conductance to increasing rate of ABA supply to the 
leaves (Gollan et aL, 1992). In DOLY, the stomatal conductance is assumed to 
respond to ABA and soil water content alone. 
The response of soil water content, wS. on stomatal conductance, gs 
is defined by a hyperbolic response function based on data in Gollan el aL, 
(2.55) 
(2.56) 
(1992): 
kg(Ws) Sý (IV, - S,, ) (2.57) 
ivs - 2so + s2 
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where the s coefficients define the water holding capacity of the soil and the 
shape of the response curve of stomatal conductance to soil water content. The 
parameter, so is the value of the soil water content at which the stomatal 
conductance is zero, s, defines the slope of the response of stomatal 
conductance to increases of soil water content above so, and S2 is the rate at 
which the conductance response flattens as soil water reaches its maximum 
value. 
2.3.8 Canopy assimilation 
The diffusion Of C02 from the atmosphere into the intercellular air spaces 
is controlled by stornatal conductance. It therefore affects the supply of C02 in 
the three rates of carboxylation, Wc, Wj, Wp (equations 2.35,2.41 and 2.47). 
Demand from photosynthetic processes is balanced with supply by diffusion 
through the adjustment of intercellular C02- Stomatal conductance varies with a 
range of environmental conditions including C02 concentration (Jones, 1992). 
This means that as the stomatal conductance varies so does the photosynthetic 
rate and vice versa (Harley et aL, 1982). The assimilation rate, Ad (PMOI C02 M- 
2 s-1) implied by the diffusion gradient in C02 concentration from the 
atmosphere into the intercellular air spaces is: 
Ad = 
10009, (pa - 
Pc) 
(2.58) 1.6 Palm 
gs is stomatal conductance to water vapour (MMOI M-2 s-1). The factor 1.6 arises 
because water vapour diffuses through air more rapidly than does C02- 
Pa and Pc are partial pressures (Pa) of atmospheric C02 and internal C02, 
repectively. The atmospheric pressure, Patm is equal to 10 1 325 Pa. 
Pc is derived by setting Ad equal to Ab. A cubic equation is formed from the 
equations defining assimilation rate (Ab), stomatal conductance (2.54), C02 
partial pressure (2.58) and the carboxylation rate (Wc, Wj, Wp). The cubic 
equation is solved and the largest real root is assumed to be the assimilation rate. 
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2.3.9 Boundary layer conductance 
Boundary layer conductance of water, ga, (m s-1) is derived simply 
from a logarithmic function of vegetation height, h, (see equations 2.15 and 
2.16) which in turn is derived from a function of leaf area index. It is a general 
descriptor of the role of atmospheric turbulence in the evaporative process and 
is dependent on wind speed, surface roughness and atmospheric stability. Wind 
speed in the DOLY model is assumed to be uniformly 20 m s-1 at a height well 
above the highest predicted canopy (200 m). 
2.3.10 Water Balance 
Changes in soil moisture affect stomatal conductance and in turn I. 
assimilation (see equations 2.54 and 2.58). Soil moisture is derived from the 
amount of precipitation falling at a given site added to the soil water already in 
the soil and available to the plant, less interception and evapotranspiration as 
derived from the Penman-Monteith equation (Monteith, 1965). See section 
2.2.4 for further information about this equation. 
The amount of soil water is adjusted on a daily basis according to the 
amount of precipitation falling through the vegetation canopy, after allowing 
for interception, and evapotranspiration. The rate of change in the mass of soil 
water per unit area, w', is: 
d 
wl =F -ET dt ' 
where 
Fp is precipitation throughfall to the soil (g M-2 s-1), and 
ET is the evapotranspiration flux (g M-2 S-1). 
(2.59) 
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2.3.11 LAI and NPP from DOLY 
The two main outputs of DOLY are LAI and NPP. 
NPP is calculated from net C02 assimilation, A, (i. e. net of leaf 
respiration in light) accumulated through the year, or growing season, less dark 
respiration, R, both for the leaves and non-leaf tissue. 
Over a growing season or a given time period of, say a year, (t, "ý t ": ý t2 ), 
the amount of photosynthate that is available for tissue synthesis and to meet 
maintenance respiration requirements is: 
t2 
f (A -R )dt (2.60) 
tj 
where A is net canopy C02 assimilation (Vmol m -2 s -1) and 
R is dark respiration of the whole canopy (gmol C02 M-2 S-1). 
If M'L is the mass of leaves in C02 equivalents synthesized during this period 
and if the synthesis respiration is assumed to be one third of the mass 
synthesized (Hay and Walker, 1989) then the amount of photosynthate available 
to synthesize tissue other than leaves and for maintenance is: 
12 
f (A - R)dt- 1+ 
)MIL 
(2.61) 
t, 
3 
Respiration to maintain tissue other than leaves, R,, (9MOl C02 m-2 s-1) depends 
on the mass of living tissue (i. e. stems and roots), m', , and on absolute 
temperature (Tk): 
m'R mw R(Tk (2.62) 
where in! w is the mass of tissue other than leaves per unit area of ground 
(ýImol In" 2 ), and km is the constant of proportionality for the dependence of 
maintenance respiration on the mass of tissue. Woodward et aL (1995) set this 
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I 
value to 0.35 s' . RR(Tk ) is the temperature response function for maintenance 
respiration and is calculated as follows: 
21.6- 
5.367 X 10 4 
RR(Tk ) ": e 8.3 
14 4 Tt (2.63) 
Over the period, tj to t2, the maintenance respiration required for non-leaf tissue 
is: 
R k,, (t)RR(Tk)dt (2.64) w 
If m'w is the mass of tissue other than leaves (i. e. stems and roots) synthesized 
during the period, tj to t2, per unit ground area, and synthesis respiration for that 
tissue is again assumed to be one third of the mass synthesized, then 
22 
1+ 
1 
nL (2.65) 
)ni,, 
+k .. 
f 
ni,, (t) RR(Tk)dt =f (A-Rýt- 3) 3 
A part of the photosynthetic product (equation 2.6 1) is used to maintain tissue 
that is present at the beginning of the year or time interval, tj. However, as it 
dies, the maintenance requirements of that tissue decrease during the period tj to 
t2. Likewise, synthesis of new tissue during the period tj to t2 increases 
maintenance demands. If the mass of tissue other than leaves is assumed 
constant and equal to the total mass of non-leaf tissue synthesized, then an 
appropriate allocation of photosynthetic products can be derived: 
k)dt = 
f'(A 
- R)dt - 1+ -I)m',, +kmm'. 
RR(T 1+ 
)MIL 
(2.66) 33 
and the mass of non-leaf tissue synthesized is: 
ml 
w 
f,, (A - Rpt - 
(I 
+ i, 
) 
ml L 
(2.67) (1 
+ ii 
)+k. 
f, ', ' RR (Tk)dt 
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Using this approximation NPP, PN, (pMol M-2 s-1) over the time interval, tj to 
t2 iS 
PN 
= 
nilw+ML (2.68) 
t2 - tl 
where the mass of leaves synthesized per unit ground area, M'L, 
(Ilmol C02 M-2) jS: 
1 La (2.69) 
kL 
and, kL is specific leaf area set as 0.01 M2 g-1, (100 CM2 g-1 ), a typical value 
from Cannell (1982), which is converted to molar units. La is leaf area index. 
LAI is essentially derived from the water balance budget. The highest 
LAI that can be supported by the water balance is predicted. Further tests are 
then carried out vvithin the model to ensure that this LAI can be supported by 
the NPP predicted, along with assimilation. If this is not the case, further runs 
have to be carried out and a lower LAI selected. This is shown by the following 
equations. 
For a particular LAI the model first tests whether net assimilation is 
sufficient to synthesize the implied mass of leaf tissue: 
Rýlt >1+ MIL (2.70) 3 
If the implied mass of leaf tissue can be synthesized, the model tests that 
NPP can be maintained: 
PNý'O (2.71) 
and that net assimilation occurs in the leaf layer at the bottom of the canopy: 
t2 
J (An - 
Rn )dt ý: 0 (2.72) 
tj 
where the subscript n denotes the bottom layer. 
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If net assimilation in the lowest leaf layer is less than, or equals zero, the 
LAI is too high, so the program loops back and selects the previous LAI. Finally, 
if the carbon constraints are satisfied, the model tests that precipitation meets or 
exceeds precipitation loss: 
it t1Fpdtý: ftt12E Td t (2.73) 
where 
Fp is the precipitation throughfall to the soil, and 
ET is the evapotranspiration water flux, g M-2 S-1. 
2.3.12 Changes made to the DOLY model 
The model described in Woodward et aL (1995) operated with whole 
number values of LAI. In order to introduce better resolution into the model the 
LAI loop was altered by Dr. Mark Lomas, University of Sheffield, so that LAI 
was calculated at fractional values. An iterative procedure is adopted whereby a 
limited number of LAI values are checked to see whether they fulfill the criteria 
specified in section 2.3.11. To do this, a tolerance level (0.1) is set within the 
program along with a step size for the LAI (1.0). These values can be altered if 
the program needs to be ran more quickly or a different level of pFecision is 
required. The program is initialized with an LAI = 1. If the criteria are not 
fulfilled with the current LAI then the previous LAI value is checked. When the 
difference between the largest LAI that is sustainable and the smallest LAI value 
that is not sustainable is less than the tolerance level then the largest LAI is the 
one selected by the program. This process speeds up the program as it enables a 
quicker selection of LAI and avoids having to check each individual LAI value. 
In addition to this the assimilation calculations were simplified into sub- 
routines and calculated every few days, previously the daily assimilation had 
been calculated from monthly values. 
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This version of the DOLY model is referred to as the "standard" version. 
Two more versions of the model have also been created: DOLY (water version) 
and DOLY (water and soils version). Maps of LAI and NPP from the DOLY 
(water and soils) version are shown in Figure 2.21. In addition, difference maps 
show areas where LAI and NPP differ from the DOLY (water version) (Figure 
2.22) and from the World model (Figure 2.23). These two new versions of the 
model will be briefly described in the next two sections. 
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2.4 DOLY (water version) 
This version of the DOLY model is derived from the standard version 
described in section 2.3. In the standard version, the initial soil water content 
was set to field capacity. This section describes how the DOLY model has 
been altered so that soil water is modelled more realistically and to ensure that 
the initial soil water conditions vary between sites (see section 2.4.1). This 
has been accomplished by incorporating the water dynamics used by the 
CENTURY model (Parton et aL, 1993) into the DOLY model. Dr. Mark 
Lomas (University of Sheffield) altered the model to incorporate these 
changes. In addition, the LAI iteration performed by the model has also been 
altered and the amount of evapotranspiration restricted by the amount of water 
in the soil (see section 2.4.3). Other changes include: 
i) dividing the soil into four layers, the top layer of which is only 3 cm. deep 
(see section 2.4.2), 
ii) using soil texture data from the ISLSCP (International Satellite Land 
Surface Climatology Project) dataset produced by Meeson et al. (1995), and 
Sellers et aL (1995) (see section 2.4.2), 
iii) developing an LAI iteration which uses fractional numbers as opposed to 
integer values (see section 2.4.3), 
iv) enabling the model to run with either C3 or C4 photosynthesis (see section 
2.4.4), 
v) capping the temperature response functions for Vmax and Jmax at their 
respective minimum values (see section 2.4.5), 
vi) including the effect of soil water content on the composite nitrogen uptake 
rate (see section 2.4.6), 
vii) calculating the amount of root and stem carbon to be used in the 
calculation of annual NPP (see section 2.4.7). 
This new version is called the DOLY (water version) model. All the 
inputs and outputs are the same as those described previously. This section 
will describe these changes in more detail. The sensitivity of this model to the 
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climate inputs is examined in Chapter 4. Further changes to the DOLY model 
incorporated soil feedbacks. The soil in each cell is able to interact with the 
overlying vegetation as represented by LAI and NPP. Section 2.5 describes this 
water and soils version of DOLY. 
In order to show how these processes interact within the DOLY (water 
version) model, two block diagrams have been produced. Figure 2.14 shows 
the inputs and outputs in the soil water calculation. Figure 2.15 shows the other 
processes of LAI iteration, assimilation, nitrogen uptake and the calculation of 
NPP. These processes are described in sections 2.4.4 to 2.4.7. 
Soil water calculation 
1`- 
4- . 
---I 
Soil texture Initialization P recipitation nspiration 
Interception 
...... <.... Soil water 
I 
ocesses 
Figure 2.14 A simplified block diagram showing the variables and processes 
used to calculate soil water. It should be noted that, in this diagram, 
precipitation includes snow, and evapotranspiration includes bare soil 
evaporation, as well as evaporation from the snow. The dotted line represents 
the initialisation process required to obtain the soil water at the start of the 
year. See sections 2.4.1 and 2.4.2 for further details. The other processes are 
shown in Figure 2. IS. 
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Figure 2.15 A simplified block diagram showing the variables and processes 
used to calculate leaf, root and stem NPP. It should be noted that nitrogen 
uptake is influenced by temperature, but to retain clarity in the diagram this link 
is not shown here. See sections 2.4.3 and 2.4.7 for further details. 
2.4.1 Initialization 
Soil water content in the original version of the-DOLY model 
(Woodward el aL, 1995) was initialized using a parameter, which assumed that 
the soil was at field capacity at the start of the year. This assumption however 
is not valid at sites where there is an and period at the start of the year. The 
water in the soil would be well below field capacity at such sites. Also, 
assuming that the soil was at field capacity meant that the assimilation 
calculations within the program were not made with the correct water profile. 
These assimilation calculations are dependent on both the initial condition of 
the soil water profile and the day of the year the simulation is started. This also 
changes the water profile. The soil is assumed to be analogous to a bucket 
which is filled and emptied according to inputs of precipitation and leaf drip 
and the output of evapotranspiration. In order to obtain a better representation 
of the water in the soil at the beginning of a given year the model is run for a 
number of years. This enables the amount of water that is in the soil to be 
compared with that of the previous year. If there is a large difference in these 
values, further runs are carried out until the values converge or are within a 
given range. This allows for the possibility that the period of the water bucket 
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cycle is longer than one year. In order to identify the cycle at a site, the values 
of the water buckets on the last day of each year are checked against the values 
of previous years. If the value has occurred previously, within a set tolerance 
level (0.0 1 mm. in the case of the present version), then a cycle is assumed to 
have occurred. The average of the NPP values over the cycle is then calculated. 
This method can however be computationally burdensome due to the fact that 
at some sites the period of the water cycles is very large (e. g. 20 years). As this 
does not happen in reality, because the system is not driven by the same input 
data year after year, it seems reasonable to simply average the NPP values if 
the system has not converged after some pre-set number of years. In the DOLY 
(water version) model, if the model has not converged after 7 years then the 
average of the previous 5 years of NPP values is used. 
2.4.2 Soil water 
The CENTURY model calculates monthly evaporation and 
transpiration water loss, water content of the soil layers, snow water content 
and saturated flow of water between soil layers. If the mean monthly air 
temperature falls below O'C the monthly precipitation falls as snow. Actual 
evapotranspiration is calculated within DOLY using the Penman-Monteith 
equation (Monteith, 1965) (see section 2.2.4), but in addition the potential 
evapotranspiration rate is also calculated using the same equations as Parton el 
al. (1993). This potential evapotranspiration rate is used to determine the 
sublimation (the change in state from a solid to a vapour, without going. 
through the liquid state) of water from the snow pack which occurs at the same 
rate. Snow melt occurs if the temperature exceeds OT and is a linear function 
of the air temperature. Allowance is also made fýr bare soil evaporation and 
interception water loss. These are calculated as fractions of the monthly 
precipitation and are subtracted from the total monthly precipitation, with the 
remainder of the water added to the soil. These calculations were incorporated 
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into the DOLY model. Water is spread through the different soil layers by 
adding the water to the top layer and then allowing excess water (water above 
field capacity) to flow into the next layer. The number of soil layers was kept 
to four but instead of these being sub-divided into 15 cm increments down to 
60 cm, as in CENTURY, three of the lower layers were sub-divided equally 
down to Im depth. This was done so that a shallow top layer could be 
incorporated into the model. This top layer was set to a depth of 3 cm. The 
moisture content of this layer could then be used to determine the flammability 
of the leaf litter on the surface of the soil. These data are used in a later model 
(the Sheffield Dynamic Global Vegetation Model, (SDGVM)) to determine 
the likelihood of fire. 
In CENTURY the field capacity and wilting point for the different soil 
layers is calculated as a function of the bulk density, soil texture and organic 
matter content using an equation developed by Gupta and Larson (1979). In 
the DOLY model (water version), due to the limited availability of data on the 
physical properties of soils, such as the particle size and structure, an 
alternative approach is used. Cosby et al. (1984) proposed a method whereby 
it is possible to determine the moisture characteristics of a soil from its texture 
alone by the use of regression analysis. The following equation is used: 
T= Ts (E)/E) 
s) 
-' 
where 
y is matric potential (cm), 
ys is the "saturation" matric potential (cm), 
b is the slope of the moisture retention curve, 
E) is the moisture content (vol. vol. "), 
Os is the saturated moisture content (vol. vol. 
(2.74) 
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It should be noted that the various "potential" terms, referred to in this 
section, are suction potentials in the soil scientists' sense (therefore they are 
positive) as opposed to water potentials which would be negative. 
By analysing 1448 soil samples from across the USA and using 
analysis of variance and multiple regression techniques, Cosby et aL (19 84) 
were able to obtain the variables, ys and b, for each soil textural class, as well 
as the saturated hydraulic conductivity and the saturated water content. The 
percentage sand, silt and clay for each class was based on the mid-point values 
of each of these textural classes on the US Department of Agriculture textural 
triangle. The comers of the triangle represent 100% of each of the three 
categories, sand, silt and clay. Any point within the diagram defines the 
percentage proportions of the three categories. Figure 2.16 shows the 
principles used. For the point marked there is 15% silt, 65% sand and 20% 
clay. This would be defined as a sandy clay loam. 
100% CLAY 
15% 
SILT 
20% 
CLAY 
100% SAND 65% SAND 100% SIL7 
Figure 2.16 An example of a soil textural class on a soil textural triangle. This 
soil would be defined as a sandy clay loam. 
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Multiple linear regression analysis was performed on the means and 
standard deviations of each parameter using the percentage sand, silt and clay 
for each textural class as the independent variables. This analysis was designed 
to pick the most important variable (in the sense of the most parameter 
variance explained by the regression) from sand, silt or clay, and having 
corrected for the linear relationship in that variable, select the second most 
important variable from the two remaining. The following equations have been 
produced from the results of this analysis on the means and standard deviations 
of b, saturation matric potential (ys) and saturated moisture content ((Ds) : 
b=3.1 + 0.157c - 0.003s (2.75) 
E), = 50.5 - 0.142s - 0.037c (2.76) 
log T, = 1.54 - 0.0095s + 0.0063z (2.77) 
where s is % sand, c is % clay and z is % silt. 
The data for the soil texture values were extracted from the ISLSCP 
dataset (Meeson el al., 1995; and Sellers et aL, 1995). The percentages of soil 
clay, sand, and silt were estimated from the soil classification on the ISLSCP 
soil texture file. This results in the classifications shown in the following table 
(Table 2. ý): 
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Table 2.5 The percentages of sand, silt and clay for different soil types together 
Nvith the index number allocated by ISLSCP. 
ISLSCP Index Clay Sand(%) Silt(%) Soil type 
17 80 13 loamy sand 
2 12 62 26 sandy loam 
3 18 42 40 loam 
4 27 63 10 sandy clay loam 
5 30 35 35 clay loam 
6 0 0 0 ice 
7 18 42 40 loam 
8 0 0 0 ocean 
Field capacity is defined as the amount of water held in the soil after the 
excess has drained away and after the rate of downward movement has 
materially decreased. As Russell (1988) points out, deciding when the flow of 
water has "materially decreased" is difficult, and open to discussion. This time 
period can range from a few days to several weeks. In order to get around this 
problem, the moisture content at field capacity has been defined in terms of 
matric suction. Colman (1947) found 33 kPa (0.33 bar) to be an acceptable 
value for the soils he studied, and the value selected for use in the DOLY 
model (water version) is 306 cm of water (30 kPa). Rearranging equation 2.74 
in order to obtain the moisture content pf the soil at field capacity (Ofc) gives 
equation 2.78: 
%F 
fc 
(D fc -ý TS 
) 
es 
where 
W. is the "saturation" matric potential (cm), 
xgfc is the field capacity matric potential (cm) 
Ofc is the moisture content at field capacity (vol. vol. 
(2.78) 
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For a soil at field capacity, as in this 'case, the mass of soil water per unit area, 
(E)fc) is related to the soil water content (E)f) and soil bulk density, kw for a 
known soil depth as follows: 
e f, =x E) f,: 
where 
E)fc is the soil water content (vol. vol. -I ) and, 
kw is a form of soil bulk density (g M-3) assuming a known soil depth. 
(2.79) 
The moisture content at the wilting point is calculated in a similar manner: 
0 
"P E)s xys 
) 
where 
(2.80) 
Wwp is the wilting point matric potential (cm). and is usually set to 15300 cm of 
water (1.5 MPa), the standard value used (Russell, 1988). 
2.4.3 LAI iteration 
In the version of DOLY described by Woodward el al. (1995), LAI is 
determined from hydrological and primary productivity constraints. For a given 
LAI, the model tests whether there is sufficient net assimilation to synthesize 
the implied mass of leaf tissue. If this tissue can be synthesized, the model then 
tests that NPP can be maintained and that net assimilation occurs in the leaf 
layer at the bottom of the canopy. Finally, if these carbon constraints are 
satisfied the model tests that precipitation meets or exceeds moisture loss. 
There is however a problem with this final test. The moisture loss, as 
represented by evapotranspiration, from the modpl is not limited by the amount 
of water available in the soil. It is in fact set equal to the maximum amount of 
evapotranspiration, calculated from the Penman-Monteith equation, (Monteith 
and Unsworth, 1990) that the vegetation can support. This means that the LAI 0 
loop may be left too early due to too high a value of evapotranspiration. If the 
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water that was actually available in the soil was transpired a higher LAI value 
would be supported and, providing the other criteria were fulfilled, a higher 
NPP. To remedy this problem, the amount of transpiration was restricted by 
the soil water content, on a daily basis. The water balance exit condition is no 
longer used in the model. 
In addition to this change, the LAI iteration itself was also altered. An 
initial step size of 0.3 and tolerance of 0.1 were set for the non-integer LAI 
calculation. Values of the maximum and minimum LAI sustainable were set, 
together with three switches which were altered according to whether specific 
conditions were met. They are set to zero, if a condition is not met, and one, if 
the condition is met. These switches are as follows: 
i) checks whether an LAI of less than one has been tried, 
ii) resets the step-size after LAI has been less than one and subsequently greater 
than one, 
iii) records a sustainable LAI. 
Another variable is set equal to the maximum minus minimum LAI sustainable, 
and the LAI loop is exited when this is less than the tolerance value. Finally, the 
variable, rem, is calculated as follows: 
rem = rlai-int(rlai) 
where 
rlai is the fractional number value of LAI, and 
int(rlai) is the integer value of LAI. 
This adjusts a number of equations in the model that previously 
(2.81) 
operated with integer LAI values. In order to demonstrate the approach 
adopted using the fractional LAI values, the following example shows the 1. 
procedure to compute an LAI between 2 and 3, say, lai =2+ rem. 
Consider the Beer's law calculation: 
lq =I 
Oqe- 
kLa 
(2.82) 
where 
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10q is the irradiance on the canopy 
(pmol photons M-2 S-1), 
Iq is the irradiance at La depth from the top of the canopy 
(pmol photons M-2 S-1 )l 
La is the fractional LAI, and 
k is the extinction coefficient. 
The irradiance within the canopy, I, is determined by calculating the 
irradiance for each layer and cumulating this through all the layers of the 
canopy. These irradiance values are then used to determine the rate of nitrogen 
uptake. Nitrogen is allocated to leaf layers of the canopy in proportion to the 
mean irradiance of the leaves: 
NT (2.83) 
10 q 
where 
N is the rate of leaf nitrogen uptake (mol g-1 day-I ), 
NT is the rate of total nitrogen uptake (mol g-1 day-I 
This equation is altered in the following manner. The irradiances for the first 
three LAI layers are denoted by rl, r2, r3. In order to keep the nitrogen 
distribution consistent with that of the integer LAI calculations, it is distributed 
in the following irradiances rl, r2 , and r3 x rem, so that where 
sum = (rl+ r2) + r3 x rem, (2.84) 
the nitrogen given to each layer is, 
N7 x r, s 
NT X 
r2 
), 
N. x 
r3 x rem 
$ respectively. 
(2.85) 
sum sum sum 
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It is assumed that the assimilation rate for a fraction of leaf area with 
the same fraction of nitrogen available to it, produces the same assimilation rate 
as the full unit leaf layer with all of the nitrogen available to it. Using this 
assumption the fractional leaf area can be treated as a full unit leaf area and its 
assimilation rate computed. This assimilation rate will then be equal to the 
assimilation rate of the fractional leaf area on the basis that the assumption is 
correct. 
In order to calculate the third LAI layer assimilation rate, the nitrogen 
which is allocated to that layer is scaled up so as to represent a full unit leaf 
area, i. e. the nitrogen uptake is scaled by a factor of I/rem. The assimilation 
rate is then calculated in the usual manner, as described in the previous section. 
The nitrogen uptake for the three unit layers is: 
N, =NT 
xr, 
stun 
N2 _ 
N. Xr2 
SUM 
N3 
_ 
NT xr3 
sum 
(2.86) 
Now, say these values give rise to assimilation rates of A(I), A(2) and A(3), 
then the assimilation rate of the fractional leaf area is equal to A(3). So that the 
net assimilation rate (assim) for this system would be: 
assim = A(I) - dresp(l) + A(2) - dresp(2) + ((A(3) - dresp(3)) x rem) (2.87) 
where 
assim is the amount of photosynthate that is available for tissue synthesis and to 
meet maintenance respiration requirements, 
A(I) to A(3) are the assimilation rates for each leaf layer (I to 3), 
dresp(l) to dresp(3) are the dark respiration rates for each leaf layer (I to 3). 
14 
To test whether or not this method was correct, plots of NPP vs. LAI 
were made. If the method was correct these curves should be continuous and 
pass through the points that the normal integer LAI calculation would yield and 
It 
also be smooth. In the plots examined these criteria were satisfied. 
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2.4.4 Assimilation and photosynthesis 
The original DOLY model as described in Woodward et al. (1995) 
calculated C3 photosynthesis from the model developed by Farquhar et al. 
(1980) and the empirical stomatal conductance model of Ball et al. (1987). 
These equations are simple to use and are able to model important responses. 
However, the C4 pathway of photosynthesis was not modelled, although it was 
mentioned that the DOLY model could be extended to include this pathway. 
Many tropical and sub-tropical grasses use this pathway together with crops 
such as maize, sorghum and pasture grasses. More recent work has used the 
DOLY model (water and soils version) in conjunction with another model to 
determine global vegetation in terms of functional types. For this work a 
distinction needed to be made between grass types, as to whether there were C3 
or C4 grasses present. The C4 model of Collatz et aL (1992) was used to do this. 
The DOLY (water version) model can be run using either the C3 or C4 pathway. 
The pathway to be used is selected at the start of the program. This C4 model 
predicts photosynthesis and stomatal conductance as a function of leaf 
temperature, photosynthetically active quantum flux density, C02 partial 
pressure and relative humidity at the leaf surface. The important adjustable 
variables are the capacities of rubisco and PEP carboxylase to fix C02 which 
can be estimated from leaf photosynthetic responses to light and C02. A 
number of variables were set as constant by Collatz et aL (1992) and tabulated. 
The ones used within the DOLY (water version) are shown in Table 2.6. 
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Table 2.6 Variables used within the DOLY (water version) that were obtained 
from Collatz et aL (1992). 
Name Symbol Value 
PEP carboxylase rate constant for C02 kp0.7 mol -2 S-1 
Proportional increase in a parameter 
value for aI O'C increase in leaf 
temperature 
Atmospheric pressure at sea level 
Leaf quantum absorptance 
RuBP quantum requirement 
Fractional RuBP quantum requirement 
Q10 
p 101325 Pa 
0.8 
(xr 0.11 mol mol- , 
f 0.6 
Note that Collatz et aL (1992) used a value of 105 Pa for atmospheric pressure. 
According to Collatz et aL (1992) there are three limiting processes that 
determine net photosynthesis for C4 plants (Ac4) and the relationships between 
these processes and Ac4 may be expressed as: 
ij 
ýf 
(a 
ý QP) 
Jc, g pjqkýT -Rd, i(T A, 4= min L L) (2.88) 
Je, h Fmax, T 
L 
where 
Ji is the light-dependent rate of assimilation, 
Jc is the C02-limited flux, 
Je is the assimilation rate limited by the capacity for C02 fixation by rubisco, 
f, g, h, and i denotes separate functions of a and Qp, pi, k, and TL, Vmax and 
TL, and TL, respectively. 
(x is the product of leaf absorptance and the intrinsic quantum utilization 
efficiency, 
86 
Rd is the rate Of C02 release or respiration in light due to processes other than 
photorespiration, a typical value is 0.82 gmol M-2 S-1, 
TL is leaf temperature, 
k is the initial slope of the photosynthetic C02 response, 
Vmax is maximum rubisco capacity, and 
Qp is the incident photosynthetically active quantum flux density. 
This equation is the same general form as that used by Farquhar et aL (1980) for 
C3 photosynthesis and the one used within DOLY (see section 2.3.5). These 
three processes are modelled within the DOLY (water version) using sub- 
routines. The sub-routine for C4 assimilation computes the assimilation rate by 
forming a cubic equation from the three equations defining stomatal 
conductance, C02 partial pressure and the carboxylation rate. The cubic 
equation is solved and the largest real root is assumed to be the assimilation rate 
(Jc). This is then compared with the light dependent assimilation (J) and Vmax 
dependent assimilation (Je) and the minimum value is selected. 
To determine the C02-limited flux, Jc , the following equation from Collatz et 
aL (1992) was used: 
ip 
(2.89) c Pi. 
/I 
where 
pi is the C02 concentration in the intercellular spaces of the mesoPhyll, 
kp is a pseudo-first-order rate constant for PEP carboxylase with respect to Pi, 
and set to 0.7 Mol M-2 s- I by Collatz et al., (1992), 
P is atmospheric pressure, 
L is the leak of C02 between the bundle sheaf and the mesophyll and is 
derived from L= (p ,-pi 
)/P r, , where pb. is the bundle sheath C02 partial 
pressure, and rc is the resistance to C02 diffusion through the bundle sheath 
walls and membranes. 
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To determine the assimilation rate limited by the capacity for C02 
fixation by rubisco, Je , the following equation from Collatz et aL (1992) was 
employed: 
Je ý-- Vmax (2.90) 
The temperature dependence of the substrate saturated rubisco capacity, 
Vmax, is calculated from Amax (the maximum light-saturated rate of 
photosynthesis) derived from the rate of leaf nitrogen uptake and adjusted for 
temperature using Q10. Vmax is given as a Q10 function and is further restricted 
by upper and lower temperature limits on net assimilation. The temperature 
dependence of the substrate saturated rubisco capacity is calculated within the 
model using a slightly modified version of equation 5B from Collatz et aL 
(1992). This is equation 2.91. Vmax is reduced at low temperatures and 
temperatures above 35*C but increased at temperatures between 25"C and 35"C 
values. These limits were derived by Collatz et aL (1992) from approximate 
responses Of C4 plants to extreme temperatures. Using equation 2.91 means that 
the Vmax values in the DOLY (water version model) would be slightly higher 
than the values derived from the Collatz et al. (1992) equation up to 25"C, about 
the same for temperatures between 25*C and 35"C and higher for temperatures 
above 35"C. 
TI-25 
VT 
= 
V"RXQIO 10 (2.91) (I + e"(10-TI) )(0.8 +e0.11(TI-36) 
) 
where 
VT is the temperature-dependent Vmax, 
Q 10 is the proportional increase in a parameter value for aI OT increase in leaf 
temperature, and 
TL is leaf temperature (OC). 
Finally the light-dependent flux, Ji , was derived using the following equation: 
Ji = a(xfQp (2.92) 
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where 
a is leaf quantum absorptance, 
Ccr is the ribulose bisphosphate (RuBP) quantum requirement (the intrinsic 
quantum yield Of C3 photosynthesis), set at 0.11 mol mol- I by Collatz et aL 
(1992). 
f is the fractional RuBP quantum requirement (the fraction of absorbed photons 
used by the C3 reactions), set at 0.6 by Collatz et aL (1992), and 
Qp is the incident photosynthetically active quantum flux density. 
The assimilation rate, calculated for a given LAI, using C4 
photosynthesis is compared to the rates calculated using Vmax and Jmu for C3 
photosynthesis. These values Of Vmax and Jmax are calculated from the 
maximum light saturated rate of photosynthesis which is related to nitrogen 
uptake (see equation 2.49). If the C3 photosynthesis value derived from Vmax is 
less than the value derived using Jmax then this is the assimilation rate selected 
for that LAI. However, should the assimilation rate from the C4 photosynthesis 
calculation exceed this value then this is the rate selected . The model calculates 
assimilation rates for all layers of the canopy. The canopy assimilation rate, for 
the LAI selected by the program, is used to calculate annual NPP. The annual 
assimilation rate for the lowest layer of the canopy is also recorded so that the 
model can test that net assimilation does actually occur in this lowest layer. 
2.4.5 Temperature response functions for V.,,,, and J.,,,, 
The response of Vmax to temperature takes the form of a cubic curve so 
that once a minimum value is reached it starts to increase and once a maximum 
value is reached it starts to decrease. Providing the temperature exceeds 9.5"C 
then, as in Woodward et aL (1995), the temperature response function, kv(T) is: 
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k, (T) = 1+0.051(T-25)-2.48XIO-4(T-25)2 -8.09XIO-'(T- 
25)3 (2.93) 
where T is temperature (T) 
However, for temperatures lower than 9.5'C , the minimum value, the 
temperature response function starts to increase and give spurious results. In 
order to prevent this occurring, kv(T) is set at 0.459 which is the value 
obtained by substituting for T=9.5 in equation 2.93. Similarly, for the 
temperature response function for Jmax. At temperatures above 63T the 
temperature response function, (kj(T) is: 
kl(T) =I+ 0.041(T- 25)-1.54x 10-3(T-25)2 -9.42XIO-5(T-25)3 
For temperatures lower than 6.3'C the minimum value, the temperature 
response function, kj(T) is set at 0.313, which is the value obtained by 
substituting for T=6.3 in equation 2.94. 
2.4.6 Plant nitrogen uptake and soil water 
(2.94) 
In. the original DOLY model, plant nitrogen uptake was dependent 
solely on the amount of soil carbon and soil nitrogen, but no allowance was 
made for the amount of water in the soil. The ability of a plant to extract 
nitrogen will be reduced as the soil becomes drier. In order to remedy the 
deficiency in the original equation, the plant nitrogen uptake calculation was 
altered to respond to the soil water content. This is now: 
Np= 120 minfs., /600, lje-8'l'-5`ý x 
E) 
(2.95) 
where 
Os is soil moisture content (g water g soil-'), 
Gfc is the moisture content at field capacity(g water g soil"), and 
sc and Sri are soil carbon and soil nitrogen per unit land area, respectively. 
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2.4.7 Annual net primary productivity 
The amount of photosynthate that is available for tissue synthesis and to 
meet maintenance respiration requirements over a time period, tj to t2 (typically 
one year or growing season) is: 
11 '(A - R)dt (2.96) 
where 
* is net canopy C02 assimilation (ýLMOJ M -2 s and 
* is dark respiration of the whole canopy (gmol m -2 s -1) which depends on 
nitrogen uptake and temperature. 
If M'L is the mass of leaves in C02 equivalents synthesized during the interval, 
tj to t2, and if the growth respiration of the leaves is assumed to be one quarter 
of the mass synthesized then the amount of photosynthate available to 
synthesize tissue other than leaves and for maintenance is: 
12 
Rpt +11 (2.97) 
11 4ML 
This growth respiration is slightly lower than the previous value of one third as 
used in Woodward et aL (1995), but the same as used by McGuire et aL (1992) 
in the terrestrial ecosystem model (TEM). It should also be noted the current 
year's photosynthate is dependent in part on the leaf growth that has occurred in 
previous years. This is considered later in this section (see equations 2.105 and 
2.69). 
The model records the length of the growing season by ascertaining 
whether there is sufficient water available to support leaves, and whether the 
temperature is high enough. The temperature limit for the growing season is 
5"C, which is the minimum temperature for growth for trees of cold 
environments (Prentice, 1992). Hence, no leaves are grown below this 
temperature in the model. Also, if the wilting point is reached in the soil then 
there are no leaves. 
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Respiration to maintain tissue other than leaves depends on the mass of 
living tissue (i. e. stems and roots) and on temperature: 
Rk m'R mmw R(Tk 
where 
m1w is the mass of stems and roots, 
(2.98) 
km is the constant of proportionality for the dependence of maintenance 
respiration on the mass of tissue and is set by Woodward et aL (1995) to 
1 0.35 s' . 
RR(Tk ) is the temperature response function for maintenance respiration 
and is calculated as follows, where Tk is the temperature in terms of kelvin. 
21.6- 
5.367 x 104 
R 
(Tk e 
8.3 144 Tk 
(2.99) 
Over the period, tj to t2, the maintenance respiration required for non-leaf (or 
woody) tissue is: 
I t2 
mJ 
Rkt m' (t)R miW R(Tk)dt (2.100) 
If m'w is the mass of tissue other than leaves (i. e. stems and roots) synthesized 
during the period, tj to t2, and synthesis respiration for that tissue is again 
assumed to be one quarter of the mass synthesized, then 
f 4(t)RR(T4)c& f (A )ck 4,, +k 
22 
-R -(l+ 
I "L (2.101) 
This woody tissue consists of roots and stems and can be divided between the 
two, MI r and m's, respectively. 
92 
1+. L)ni'r+ 1+-L)m'j+k. fj"mr(t)RR (Tk)dt 
1 
(2.102) 
+ k. f" ni'(t)R ni R(Tk 
)dt =f" (A - R)h -I+ 
14L 
Assuming that NPP is the total of the three masses for leaf, root and stems then 
the following equation holds true: 
pw -nfs=& L +nf r 
(2.103) 
where PN is the annual net primary productivity ([tmol m72 s") 
It is assumed that 30% of the carbohydrates stored in roots and stems from the 
previous year goes into the present year's leaf production. This is a somewhat 
arbitrary figure but due to the lack of data on root production and biomass, a 
"best-guess" had to be made from data in the literature such as Cannell (1982). 
The root carbohydrate carried over from the previous year is calculated as 
follows: 
0.3tgr mIL (2.104) 4 
and the mass of leaves produced for the current year is in fact: 
(I 
- 0.3)tgr I+IIL (2.105) 
4 
where 
t., is the length of the growing season (months), and 
mi L is the mass of leaf (in molar units) calculated from equation 2.69 
Re-arranging equation 2.102 and including equations 2.104 and 2.105 yields: 
ml +k. f' 
2 
m', (t)R (Tk)dt 
I 
R 
f (A - Rýt - (1 - 0.3)tgr 
1+ 
1mL 
It 4) 
-k. 
f' 2 m',, (t)RR(Tk)dt -0.3tgr 
(4)m 
L 1+ 4)m r 
(2.106) 
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and the mass of stem (m's) synthesized during the period tj to t2 as: 
f t'(A-Rpt-(1-0.3)tgr 1+ 
1 
-k 
t 2dr (t)R 
tL gr L 
41 
+rm 
ft, 
R(Tk)dt 1 --0.3t 4) 
I+ -1 + k, 
ft'R 
I 4 t, R(Tk)dt 
(2.107) 
Root carbon production (P) was determined for a number of temperate 
and tropical sites across the world from data produced by Cannell (1982) for 
forests (including drought deciduous forest). Dry matter values were converted 
into carbon values, and evapotranspiration data were calculated by the DOLY 
model for the same site co-ordinates. Regressing root carbon production 
against annual evapotranspiration (ET. ) for 5 sites yielded the following 
relationship (r2 = 0.97): 
ETann /13.4 
where 
P, is annual root productivity (gC M-2 yr-1) 
ET. is annual evapotranspiration (mm yr-1) 
(2.108) 
The root carbon productivity values were checked by substituting them in 
equation 2.110 and examining the resulting NPP values to see whether they 
differed greatly from the NPP values determined previously by using 
assimilation, respiration and leaf mass alone. The mass of root, M'r, produced in 
a year can be determined from the root carbon productivity by converting into 
molar units as follows, (12 gC mol-1): 
m'f =P/ 12 rr (2.109) 
Knowing the mass of leaf carbon and root carbon together with the respiration 
and assimilation values enables the stem carbon to be derived from equation 
2.106 and subsequently, NPP from equation 2.110. 
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NPP, Pt, (units of tC ha-1 yr-1) for the time period tj to t2 is calculated 
from M'L, m's and M'r derived from equations 2.96 to 2.110 and a conversion 
factor of 12/100 is used to convert from molar units to tC ha- I yr-1: 
pt = 
(Mls+0.7MLXtgr 
+ M' 
') x 
12 
100 (2.110) 
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2.5 DOLY (water and soils version) 
This version of the DOLY model is derived from the water version 
described in section 2.4. All the calculations used in the DOLY (water version) 
are used in this model with the addition of the calculation of soil carbon and 
nitrogen. The equations used to perform these calculations have been extracted 
from the CENTURY model (Parton et al., 1993) and Dr. Mark Lomas has 
incorporated them into the DOLY (water version) in order to create the DOLY 
(water and soils version). This section describes this particular version of 
DOLY. It incorporates the soil dynamics used by the CENTURY model and is 
able to model interactions between vegetation and the soil, in relation to given 
soil texture and climatic inputs. 
The CENTURY model can simulate the dynamics of carbon, nitrogen, 
phosphorus and sulphur for different plant-soil systems. It was originally 
designed for grasslands but has been modified to include forests and croplands 
using sub-models. All these sub-models are linked to a common soil organic 
matter (SOM) sub-model. This particular sub-model simulates the flow of 
selected elements through the different organic and inorganic pools in the soil, 
running on a monthly time-step. 
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2.5.1 Soil feedbacks 
The decomposition and soil organic matter sub-model from CENTURY 
has been incorporated into the DOLY model (water and soils version) with a 
few modifications. In CENTURY, soil carbon is divided into three main 
components which include active, passive and slow soil carbon. These 
components are further sub-divided into eight different carbon pools. These 
pools consist of surface and soil structural material, active soil organic matter 
(SOM), surface microbes, surface and soil metabolic material, slow and passive 
SOM fractions. The flows of carbon are controlled by the maximum 
decpmposition rate of each of the pools and the water and temperature- 
controlled decomposition factor. The DOLY model (water and soils version) 
simulates the dynarnics of these eight carbon pools. The nitrogen pools are then 
calculated from these pools. Soil carbon and nitrogen are given by the sum of 
their respective pools. The dynamics of the carbon pools are governed by linear 
differential equations over any monthly period. The dynamic parameters are 
computed from average monthly values of temperature, precipitation, humidity, 
water flow, potential evapotranspiration and litter. If the system is driven with 
these values from some arbitrary initial condition then, after a period of 1000 
years or so, the model will converge on a limit cycle with a period of one year. 
In order to avoid such a long initialisation process, the average values of the 
jimit cycle can be estimated, by averaging the linear systems over a one year 
period, and the equilibrium solution of this system found. This technique works 
well and the exact solutions of each of the carbon pools oscillate around the 
averaged solutions. 
The variables which couple DOLY and the soils model for a given value 
of LAI, are NPP, soil carbon and nitrogen (soilc and soiln). 
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Figure 2.17 Inputs and outputs between the DOLY model and the soils model. 
Figure 2.17 shows how the NPP output from the DOLY model is used 
to calculate litter which is an input into the soils model. The soils model 
predicts soil carbon and nitrogen, which are required by the DOLY model to 
calculate nitrogen uptake. The dynamics of the soils model 
(g) 
can be 
represented by the following equation: 
§= C(NPP, S) (2.111) 
where 
C represents the function of NPP and S derived using the CENTURY model 
S represents soilc and soiln. Note that although S represents two variables, 
there is only one degree of freedom between them. This is because the nitrogen 
flows in CENTURY follow the carbon flows between pools. Any change in a 
carbon flow will impact on a nitrogen flow. 
For a given value of LAI, DOLY has no dynamics (i. e. there is no change) and 
can be represented by an algebraic equation: 
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D (NPP, S) 
where 
(2.112) 
D represents the function of NPP and S derived using the DOLY (water and 
soils) model 
The solution needs to be found to this differential/algebraic system in order to 
determine the soil carbon and nitrogen value for a given NPP. To do this 
consider the differential part of the system for varying NPP (litter). As the litter 
input increases the equilibrium value of the soil model increases. When no litter 
is input into the system then the equilibrium value of S is zero as shown in the 
phase portrait Figure 2.18. Any point on the line C (NPP, S) is zero. This 
means that if NPP increases in CENTURY which causes the amount of litter to 
increase, the amount of soil carbon and nitrogen will increase but there will 
always be a unique solution which falls on the line C(NPP, S). If soil C and soil 
N decrease they will still have a unique solution for each NPP value. 
Convergence on the line is represented by the arrows. 
C (NPP. S) -0 
A 
Figure 2.18 A phase portrait showing how soil carbon and soil nitrogen, as 
represented by S, in CENTURY, vary over a range of NPP values. For each 
soil carbon and nitrogen value there is a unique solution of NPP. 
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If a similar process is carried out with the DOLY model then a typical solution 
curve to the algebraic part of the system (DOLY for some value of LAI) is 
displayed in Figure 2.19. Here it can be seen that as the soil carbon and 
nitrogen levels increase from zero, the resulting NPP increases until it becomes 
carbon saturated, at which point the NPP starts to decrease. This differs from 
the situation with the CENTURY model in Figure 2.18 whereby the soil carbon 
and nitrogen continued to increase as NPP increased. 
Figure . 2.19 The response of NPP to 
increasing soil nitrogen and soil carbon. 
Once NPP becomes carbon saturated the NPP values decrease with increasing 
soil carbon and nitrogen. 
In the differential/algebraic system the dynamics described by the 
differential part of the system as represented by CENTURY are constrained to 
lie on the surface defined by the algebraic part of the system as represented by 
DOLY. Combining figures 2.18 and 2.19 gives Figure 2.20. Due to the 
inherent characteristics of CENTURY, such as the decay of its nutrient pools, 
there will exist only one solution to both these functions as shown in Figure 
2.20. This one solution will always be stable. - 
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Ic (NPP, S) -0 
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Figure 2.20 The iterative scheme showing how a soil carbon and nitrogen 
value are selected for a given NPP. It should be noted that this technique will 
not always converge on the solution but will at least converge on a cycle that 
contains the solution. If this does occur then the cycle can be used to estimate 
the solution. 
Equations 2.113 and 2.114 are solved to determine the value of the solution. 
D MP, S) 0 (2.113) 
C (NPP, S) 0 (2.114) 
The following iteration scheme is employed: 
Initialize S, at present S=S, is used, where S, represents 
soilc = 8000 gC M-2 and soiln = 800 gN M-2. 
" Solve D (NPP, SI) =0 to give NPPI (run DOLY(water and soils version)). 
" Solve C (NPPI, S) =0 to give S2 (Compute soils equilibrium value). 
" Solve D (NPP, S2) =0 to give NPP2 (run DOLY(water and soils version)). 
" Solve C (NPP2, S) =0 to give S3 (compute soils equilibrium value), etc. 
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2.5.2 A comparison between LAI and NPP from DOLY (water 
and soils version) and previous versions of the model 
In order to highlight the differences in LAI and NPP values arising 
from the use of different versions of the DOLY model and to compare these 
with the prototype model, World, the following maps were produced: 
i) LAI and NPP from DOLY (water and soils version), (Figure 2.21). 
ii) Difference maps of LAI and NPP between DOLY (water and soils version) 
and DOLY (water version), (Figure 2.22). 
iii) Differences maps of LAI and NPP between DOLY (water and soils 
version) and World, (Figure 2.23). 
All versions of the model were run with IIASA data on a 0.5 by 0.5 degree 
grid (62483 terrestrial cells). 
By examining the LAI map in Figure 2.21 it can be seen how the 
general pattern of high LAI in the Tropics and low LAI in the high latitudes is 
evident. This is also reflected in the NPP map. These figures compare well 
with the measured NPP and LAI values discussed in section 2.2.8. In order to 
highlight areas where the LAI and NPP values from DOLY (water version) 
differed from the later DOLY (water and soils version), difference maps were 
produced (Figure 2.22). In the tundra regions the inclusion of soil feedbacks in 
the later model lead to an increase in LAI of 1. Hot and and areas such as the 
northern savannah of Africa, eastern Australia, the steppe of the former Soviet 
Union and the Namib desert show a similar increase with the more recent 
version of the model. The increases in LAI predicted by the newer version of 
the model are most probably due to increased soil water availability in the and 
areas and to a decrease in the amount of soil carbon generated by the model in 
cooler, wetter areas, which would also increase NPP. Decreases in LAI of I 
and 2 occur on the northern fringes of the tropical rain forest in central Africa, 
eastern China, parts of Siberia, southern Brazil and northern Argentina. 
Similar patterns emerge with NPP, but with additional decreases in NPP in 
eastern U. S. A., Peru and northern Brazil. In these regions, soil feedbacks have 
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led to a reduction in NPP and consequently, LAI. This suggests that nitrogen 
uptake in DOLY (water and soils version) has been reduced due to an increase 
in soil carbon generated by the model. 
Turning now to consider the differences that arise between DOLY 
(water and soils version) and World (Figure 2.23). Figure 2.21 may also be 
compared with Figure 2.9 (p. 52). It is clear that major changes are evident 
between the two models. In the newer version of the model LAI values are 
much higher (LAI difference = 3) than those from World over much of 
Australia, the savannah regions of Africa, eastern Brazil, India and the central 
U. S. A. They are much lower (LAI difference = -3) in much of Europe, 
northern parts of the Former Soviet Union, eastern North America and much 
of Alaska. In northern Brazil, Peru, Colombia and the tropical rain forests of 
central Africa the LAI difference is smaller (-I or - 2). Extremely large 
negative differences in NPP (:! ý -4 tC ha7l yr- I) can be seen between the 
models (Figure 2.23) over much of northern Asia and northern parts of North 
America, as well as Chile. 
These difference maps show how the inclusion of carbon flows in 
vegetation as used within DOLY (water and soils version) has markedly 
reduced the NPP values over much of the northern hemisphere and led to the 
prediction of more realistic values (see Tieszen, 1978; Cannell, 1982). In 
addition, the NPP values in the tropical regions have also been reduced. Some 
positive differences in NPP of mostly 1 tC ha- I yr- I arising from the use of 
DOLY (water and soils version) have occurred on the fringes of drier areas 
such as the northern savannah of Africa and central Australia. Increases in soil 
water availability within the model have led to increased LAI values but 
reductions in NPP in areas such as India, the savannah regions of Africa and 
eastern Brazil. 
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Figure 2.21 a) Global distribution of LAI derived from DOLY (water and soils 
version) run with the HASA dataset (0.5 'x0.5' grid). 
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Figure 2.21 b) Global distribution of NPP derived from DOLY (water and 
soils version) run with the HASA dataset (0.5 'x0.5" grid). 
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Figure 2.22 a) Change in LAI values derived from DOLY (water and soils 
version) and the DOLY (water version) run with the HASA dataset (0.50 x 
0.5' grid). The absolute values of LAI range between 0 and 12. Positive 
deviations occur when the LAI values from DOLY (water and soils version) 
exceed those from DOLY (water version) and negative values are for the 
reverse situation. 
'p b: 
3 -2 -1 0 1.2 3 
Figure 2.22 b) Change in NPP values derived ftom DOLY (water and soils 
version) and the DOLY (water version) run with the HASA dataset (0.5' by 
0.5' grid). The absolute values of NPP range between 0 and 13 tC ha-I yr -1. 
Positive deviations occur when the LAI values from DOLY (water and soils 
version) exceed those from DOLY (water version) and negative values are for 
the reverse situation. 
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Figure 2.23 a) Change in LAI values derived from DOLY (water and soils 
version) and World run with the HASA dataset (0.5' by 0.5' grid). The 
absolute values of LAI range between 0 and 12. Positive deviations occur when 
the LAI values from DOLY (water and soils version) exceed those from World 
and negative values are for the reverse situation. 
234 10 -4 -3 - 
Figure 2.23 b) Change in NPP values derived from DOLY (water and soils 
version) and World run with the HASA dataset (0.5' by 0.5' grid). The 
absolute values of LAI range between 0 and 12. Positive deviations occur when 
the LAI values from DOLY (water and soils version) exceed those from World 
and negative values are for the reverse situation. 
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2.6 Discussion 
In this chapter it has been shown how the simple World model has 
been expanded and developed to the more complex and detailed DOLY (water 
and soils version) model. The comparison between the LAI and NPP values 
from the different model versions has illustrated how the output from the 
DOLY (water and soils version) differs from its predecessors. Although much 
additional computational effort has been required to include the carbon flows 
in vegetation, to initialise soil water conditions, and to incorporate soil 
feedbacks, these maps have shown the importance of modelling such 
processes in order to obtain the most realistic (relative to the limited number of 
observational data) representation of global LAI and NPP values. This 
additional effort has been shown to be especially important for determining 
NPP values in the northern hemisphere. 
The following chapters will use all the different versions of the DOLY 
model described in this chapter. Chapter 3 is concerned with the sensitivity of 
the DOLY (standard version) model to changes in the soil input variables, and 
Chapter 4 looks at the sensitivity of DOLY (water version) model to changes 
in climate inputs. The standard version is used with a life-form model in 
Chapter 5 and a general circulation model (GCM) in Chapter 6 f6r some 
climate change scenarios. The effect of different datasets on the DOLY 
(standard version) model is examined in Chapter 7. The output from DOLY 
(water and soils version) run with transient climate data for the period 1861 to 
2100, supplied by the United Kingdom Meteorological Office is analysed and 
discussed in Chapter 8. Validation issues are addressed in Chapter 9. 
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CHAPTER 3 
3.0 A sensitivity analysis of the DOLY model to 
soils 
3.1 Introduction 
An important process in the development of any model is the analysis 
of the model's sensitivity to its input data. This aids in the analysis of the 
results and provides useful information as to a likely response for a given 
change in input data. It also enables one to focus on the variables which are the 
most influential on the output data, and any spurious results or errors in the 
program can be highlighted and identified. In addition to the sensitivity 
analysis, some kind of validation needs to be carried out in order to check on 
the model's performance. This is not an easy task when dealing with global 
data and the lack of suitable global datasets for comparison. However, a few 
datasets have been obtained for Chapter 7. These provide a yardstick against 
which the DOLY model's results can be compared. 
Chapter 3 is concerned with the sensitivity of the DOLY model to its 
inputs of soils, and Chapter 4 considers the climate inputs. These two chapters 
show results of how these variables affect the leaf area index (LAI) and net 
primary productivity (NPP) values predicted by the model. In addition, the 
issue of validation is discussed in Chapter 9. 
Soils vary greatly across the world in texture, structure and nutrient 
content. They exert a strong influence on their overlying vegetation through 
drainage and nutrient availability. 
In tropical forests, the oxisol, predominates. This deeply weathered soil 
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with a high clay content, and low organic content is deficient in plant nutrients 
(Archibold, 1995). Soil nitrogen reserves are often greater than those of the 
litter and plants, although many of the nutrients stored in the forest biomass are 
resistant to leaching. Soil phosphorous levels are also high, although only a 
small fraction is available to plants. Plant roots are near to the surface in 
tropical forests and can effectively absorb nutrients as they become available 
(Stark and Jordan, 1978). The presence of mycorrhizal infection of the roots 
(Bagyaraj, 1989) also enhances nutrient uptake. The stem tissue of a plant 
retains potassium but the nitrogen is rapidly removed when this tissue 
decomposes. Nitrogen levels tend to decline steadily in plant tissue until 
replenished by bacterial fixation or rainfall. Additions 
' 
from rainfall, however, 
account for less than 7% of total available nitrogen found in tropical forests 
(Edmisten, 1970; Nye and Greenland, 1960). 
Soil nutrient levels particularly of nitrogen and phosphorous (Risser, 
1988) frequently limit production, particularly in grassland areas, where 
climatic conditions mainly control plant composition and growth. The natural 
addition of nitrogen is mainly by precipitation and dry deposition 
(Woodmansee, 1978). However, leaching causes little nitrogen loss because the 
soils under grasslands are low in nitrates and actively growing plants quickly 
remove any soluble nitrate. The plant canopy rapidly absorbs ammonia released 
during decomposition of plant litter (Clark et aL, 1980). 
In savannah regions, the plant cover stores phosphorous, an important 
nutrient in these regions (Sarmiento, 1984). The low soil reserves in such 
regions and fast recycling rates suggest that the availability of phosphorous 
potentially impedes productivity. Reserves of nitrogen and other elements are 
much greater in the soil than in the vegetation it supports. The live aerial 
biomass contains about 60 kg ha-I nitrogen; 65% of this eventually transfers to 
the roots. Root decomposition releases approximately 10 kg ha-I of nitrogen 
annually. Nitrogen uptake during the growing season is around 30 kg ha-11, and 
losses in drainage amount to only 2 kg ha-I each year (Archibold, 1995). 
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Nitrogen is the nutrient most limiting to production in both northern 
hardwoods (Nadelhoffer, Aber and Melillo, 1983; Pastor et al, 1984) and 
boreal forests (Van Cleve and Oliver, 1982; Pastor et al., 1987). The type of 
species in these forests has a major influence on the nitrogen cycle, which is 
coupled to the carbon cycle. The nitrogen cycle also influences several other 
processes such as successional dynamics and herbivory (Flanagan and Van 
Cleve, 1983; Chapin, Vitousek and Van Cleve, 1986). The availability of soil 
nitrogen is a limiting factor to net carbon fixation in these forests. However, the 
type of carbon compounds found produced in leaf litter in turn affects nitrogen 
availability by limiting soil microbial activity (Chapin, Vitousek and Van Cleve, 
1986; Pastor et al., 1987). This means that there is a reciprocal link between 
the carbon and nitrogen cycles. Decay rates and chemistry of their litters vary 
between temperate deciduous and boreal forests. The leaf litters of deciduous 
trees such as sugar maple and yellow birch have high nitrogen and low lignin 
contents, allowing them to be easily decomposed by soil microbes 
(McClaugherty et al., 1985). In contrast the leaf litters of evergreen conifers 
such as spruce and balsam fir have lower nitrogen and higher lignin contents 
(Hayes, 1965; Moore, 1984). The high nitrogen availability supports the high 
productivity of the temperate deciduous forests, which ranges from 7 to 
12 tC ha-1 yr-1 (Cannell, 1982). In boreal conifer stands there is a reduction of 
net nitrogen availability compared with that in northern hardwoods (Gordon 
and Van Cleve, 1983). Immobilization of nitrogen by microbes decomposing 
these leaf litters continues for three or more years (Moore, 1984). Nitrogen 
availability'beneath boreal conifers is usually below 40 kg ha-1 yr-1, about half 
that in northern hardwoods (Gordon, 1983). The greater efficiency in the use of 
this element by conifers (Chapin, Vitousek and Van Cleve, 1986) partly 
compensates for the low nitrogen availability. - Thýre are several ways of 
achieving this efficiency. For example, there is a reduced requirement for 
nitrogen to produce a given amount of tissue. Also, these trees can possess 
substantial photosynthetic rates at low leaf nitrogen concentrations (Mooney 
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and Gulmon, 1982) and there is a low leaf turnover rate (Sprugel, 1989). 
However, these adaptations also contribute to the low rates of nitrogen 
cycling. A high nutrient use efficiency means high C: N (carbon to nitrogen) 
ratios and hence low decomposability of leaf litters. Low leaf turnover rates 
mean slower rates of nitrogen return to the soil. There is partial production of 
lignin and other recalcitrant carbon compounds to physically protect leaves 
during their retention of three or more years and delay their decomposition in 
the soil (Pastor and Mladenoff, 1992). 
There is a high correlation between soil and vegetation types, with 
boreal forest communities most frequency associated with podsol soils. The 
levels of nitrogen and nutrients are low (Elliott-Fisk, 1988). 
In tundra regions, there is a reduction in primary production because of 
the short growing season, although the long days of summer at high latitudes 
partly offset this. Further limits to the production in tundra communities occur 
because leaf expansion takes up a significant part of the growing season and 
because of the low nutrient status of most tundra soils. Low soil temperatures 
slow the rate of decomposition of organic matter, and mineral weathering is 
minimal where permafrost underlies the soil (Archibold, 1995). Nitrogen is 
particularly deficient. The result of fertiliser trials also suggests that low soil 
nitrogen levels limit plant growth (McCown, 1978). Free-living blue-green 
algae associated with wet mossy sites fix most of the nitrogen in tundra 
ecosystems. Species such as lichen have a symbiotic relationship with these 
algae. This means that the lichen and the algae are able to extract more 
nitrogen between them than they would be able to do so individually, which 
provides additional supplies. 
Woodward and Smith (1994 a, b) have shown that the soil nutrient 
status strongly controls the relationship between leaf nitrogen and 
photosynthesis. The increasing dependence on nitrogen supply from 
mycorrhizas as soil organic carbon increases leads to decreasing rates of 
nitrogen uptake (Read, 1990). Decreasing rates of photosynthesis 
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parallel these decreasing rates of nitrogen uptake (Reid et al. 1983; Woodward 
and Smith, 1994 a, b). The results from other terrestrial ecosystem models also 
suggest similar negative correlations between increasing soil organic carbon 
content and photosynthetic rates (Raich et al., 199 1; Hunt et al., 199 1; McGuire 
et al., 1992). 
Nitrogen uptake is used within the DOLY model to determine 
assimilation, and dark respiration. These variables determine the NPP output by 
the model, and, in conjunction with water availability, the LAI (see Chapter 2 
for more details). 
This section will provide some background information on the equations 
used to calculate nitrogen uptake within the DOLY model, and show how soil 
carbon and nitrogen inputs influence this uptake. A description of the methods 
adopted to determine the sensitivity of the DOLY model to the soils data will 
follow along with the results. There is then a discussion of these results. 
3.2 Nitrogen uptake 
Woodward and Smith (1994 a, b) derived an empirical relationship for 
the dependence of plant nitrogen uptake on soil carbon and nitrogen contents, 
and the original equation, derived from observations around 20T was: 
Np = 120minjs. /600, lje-""-5sc 
Np is the composite nitrogen uptake rate (mol N g- I plant d- I) and Sn and sc are 
soil nitrogen and carbon (g M-2), respectively. For soil nitrogen values between 
I and 600 gN m-2, a fraction of 1/600th is calculated as a multiplier. Above this 
value of soil nitrogen the multiplier is set to 1. 
Further modification included temperature dependence based on uptake 
kinetics, which gave the temperature-dependent nitrogen uptake, NT, (mol N g-I 
plant d-1) through the following equations, 3.2 to 3.8. The activation 
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energy for a process (Jones, 1992) has also been considered in the calculation 
of this temperature response. 
40.8 + 0.01T - 0.002T 
2 (3.2) 
U2 = 0.738 - 0.002T (3.3) 
U3 = 97.412 - 2.504 In Np (3.4) 
num exp u, -U3 (3.5) 0.00831Tk 
denom = 1.0 + exp 
U 2Tk- 205.9) (3.6) 
0.0083 1 Tk 
) 
where T is temperature (T) and Tk is temperature (kelvin). 
The uptake kinetics were derived from experimental systems applied at 
a range of temperatures. Woodward et al. (1995) refer to the work done by 
Clarkson and Warner (1979), Bravo and Uribe (198 1) and Clarkson (1985) as 
the experimental basis for these equations. An empirical response function, KT 
(T) accounts for soil carbon that does not influence nitrogen uptake because of 
freezing (Bonan, 1992). Where soil carbon, SC, is greater than 13000 gC M-2 
and temperature is less than 151C, 
T(T (I + (15 -T )/3 01+ sc - 
13000) (3.7) 
10000 
Otherwise, the value of the response function KT (T) is 1. 
NT num 
T(T) (3.8) denom 
The following tests demonstrate the sensitivity of the nitrogen uptake 
calculated within the DOLY model to changing temperature, and to soil carbon I 
and nitrogen values. The values for these tests were chosen to demonstrate the 
difference in nitrogen uptake values that occur with and without the response 
fiinction set to one (equation 3.7). 
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Test 3.1: to demonstrate the effect of soil carbon on nitrogen uptake for a 
given temperature and soil nitrogen value. 
Set soil nitrogen to a value of 800 gN M-2 and temperature to 17'C. Run with 
soil carbon values of 12000 gC M-2 and 14000 gC M-2. The value of the 
response function is one. 
Test 3.2: to demonstrate the effect of temperature on nitrogen uptake for a 
given soil carbon and soil nitrogen value. 
Set soil nitrogen to a value of 800 gN M-2 and temperature to 12'C. Run with 
a value of soil carbon value of 14000 gC M-2. Repeat with the temperature set 
to 17'C. The value of the response function is equal to 1.21 at 12'C. 
The nitrogen uptake values from Tests 3.1 and 3.2 are shown in Table 3.1 
Table 3.1 Composite nitrogen uptake rate, Np, the response function, KT (T), 
and nitrogen uptake, NT, for soil carbon (s) values of 12000 gC M-2 and 
14000 gC m-2 at 17'C, and for a soil carbon value of 14000 gC M-2 at 12'C. 
Soil nitrogen is a constant value of 800 gN M-2. 
Variable Tk. 290 K, Tk= 285 K, 
T 17"C T= 12*C 
Sc = 12000 gC M-2 Sc = 14000 gC M-2 Sc 14000 gC M-2 
N, 45.95 39.15 39.15 
KT (T) 1 1 1.21 
NT 34.66 29.49 26.11 
Table 3.1 shows how the nitrogen uptake (NT) is reduced at lower 
temperatures for a soil carbon value of 14000 gC M-2. At 170C the uptake 
value is 29.49 ýLmol M-2 g'I d-I compared to 26. iI prnol M-2 g-1 d-1 at 12'C, 
for a soil carbon value of 14000 gC M-2. This table also shows how, as the 
amount of soil carbon increases from 12000 gC M-2 to 14000 gC M-2, nitrogen 
uptake decreases from 34.66 to 29.49 pMol M-2 g-I d-1. 
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Test 3.3: to demonstrate the effect of soil nitrogen on nitrogen uptake for a 
given temperature and soil carbon value. Set soil carbon to a value of 
12000 gC m-2 and temperature to 170C. Run with soil nitrogen values of 800 
and 1000 gN M-2. The value of the response function is one. 
Test 3A to demonstrate the effect of temperature on nitrogen uptake for a 
given soil carbon and soil nitrogen value. Set soil carbon to a value of 
12000 gC M-2 and temperature to 12"C. Run with a value of soil nitrogen value 
of 1000 gC M-2. Repeat with the temperature set to 171C. The value of the 
response function is one. 
If soil carbon is kept constant at a value of 12000 gC M-2 and the soil 
nitrogen values are varied then there is no change in nitrogen uptake for a given 
temperature of 17'C as in Table 3.2. There is, however, a decrease in nitrogen 
uptake with a decrease in temperature. 
Table 3.2 Composite nitrogen uptake rate, Np, the response function, "'-T (T), 
and nitrogen uptake, NT, for soil nitrogen (Sj) values of 800 gN M-2 and 
1000 gN M-2 at 17'C, and for a soil nitrogen value of 1000 gN M-2 at 120C. 
Soil carbon is a constant value of 12000 gC M-2. 
Variable Tk= 290 K, Tk= 285 K, 
T= 170C T= 12T 
Sn = 800 gN M-2 Sn = 1000 gN M-2 Sn = 1000 gN M-2 
Np 45.95 45.95 45.95 
I'CT (T) I I I 
NT 34.66 34.66 25.44 
It should be noted that soil nitrogen does not have an impact on nitrogen 
uptake above a value of 600 gN M-2. If soil nitrogen values of less than 600 
gN M-2 occur, then nitrogen uptake decreases proportionally as the amount of 
nitrogen decreases. This is shown in Figure 3.1. Nitrogen uptake is also 
influenced by the amount of soil water available to pldnts. This has been 
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incorporated into more recent versions of the DOLY model so that as the 
amount of available water increases up to soil water saturation, nitrogen uptake 
increases. Figure 3.1 shows the temperature responses of nitrogen uptake for 
soils with soil carbon values of 10000 gC M-2 and 20000 gC M-2 and with two 
soil nitrogen values of 300 gN M-2 and 600 gN M-2 over a range of 
temperatures from 0 to 40'C. This figure shows that nitrogen uptake increases 
with decreasing soil carbon. Nitrogen uptake also increases with increasing 
temperatures up to 28'C before declining for both values of soil nitrogen. At a 
soil carbon value of 20000 gC M-2, and at temperatures of 15"C and below, it 
can be seen how the response function comes into play and raises the nitrogen 
uptake at these lower temperatures. Above IPC the uptake declines slightly to 
20'C before increasing again to 28*C and then declining. The nitrogen uptake 
increases as soil nitrogen increases, and also the rate of uptake is greater at 
temperatures of IPC and below. 
Tests 3.1 to 3.4 have shown how temperature, and soil carbon and 
nitrogen values influence nitrogen uptake. NPP and LAI both tend to increase 
as nitrogen uptake increases, providing there is sufficient water available and 
mean monthly temperatures do not exceed 28"C. In the next section (3.3) a 
sensitivity analysis determines the impact of global values of soil carbon and 
nitrogen on NPP and LAI predicted by the DOLY model. There are no changes 
made to other input variables. The results of the sensitivity analysis are 
presented in section 3.4 
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Figure 3.1 Nitrogen uptake as a function of temperature for 10000 gC rn-" 
and 20000 gC M-2 of soil carbon. 
a) 300 gN M-2 of -soil nitrogen 
b) 600 gN M-2 of soil nitrogen. 
The dip in the curve for the soil carbon value of 20,000 gC M-2 is due to the 
effect of the response function icT (T). This increases the nitrogen uptake at 
temperatures below 15"C for soil carbon values exceeding 13000 gC M-2. 
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3.3 Methods 
Soils data are input into the DOLY (standard version) model with 
reference to latitude and longitude. Each cell has two values, one for soil carbon 
and nitrogen with units of gC M-2 and gN M-2 respectively. Post et aL 
(1982,1985) and Zinke et aL (1984) related estimates of soil carbon and soil 
nitrogen to global patterns of climate and vegetation by classifying each soil 
profile by the Holdridge Life-Zone in which it was found. The Holdridge 
classification (Holdridge, 1947), which was mentioned in section 2.2.2, is a 
bioclimatic classification scheme, which relates the distribution of the major 
biomes of the world to the climatic variables of the ratio of potential 
evapotranspiration to precipitation, mean annual precipitation and 
biotemperature. The three variables are represented by three points of an 
equilateral triangle. Each biome is represented by a climate zone, which in 
effect are hexagons with a unique combination of precipitation, potential 
evapotranspiration and biotemperature. In addition there is a line representing 
the occurrence of potentially killing frosts which separates the temperate biomes 
from the tropical biomes. There are obvious errors in using a scheme of this 
type such as its lack of seasonality, and it is correlative, as opposed to 
mechanistic, but it has been found to produce a reasonably accurate way of 
relating climate and the distribution of biomes at the global scale (Smith et 
al., 1992). Woodward and Smith (1994a) also used this classification to estimate 
soil carbon and soil nitrogen values based on values from Post et al. (1982, 
1985). The global distribution of these values is shown in Figure 3.2, which also 
shows that soil carbon and soil nitrogen are strongly correlated. Dr. Tom Smith 
(University of Virginia, U. S. A) provided these data. 
To determine the sensitivity of leaf area index (LAI) and net primary 
productivity (NPP) to soil carbon and soil nitrogen, the following approach was 
adopted. First, the mean global soil carbon value and nitrogen value were 
calculated for the 62,483 terrestrial cells. These values are shown in Table 3.3. 
Each cell was set to the mean values. The model was then run twice. One run 
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used the usual soils dataset with spatially variable soil carbon and nitrogen 
values, and the other, using only the calculated mean values of soil carbon and 
nitrogen. The LAI and NPP values derived from the two approaches were then 
examined. In order to aid interpretation of the changes that occurred using the 
two different soil inputs, two difference maps were produced. One of these 
maps is for changes in NPP and the other for changes in LAI. The GIS 
(Geographic Information System) package, IDL (Interactive Data Language 
supplied by Research Systems, Inc., Boulder, Colorado), was used to create 
these maps. Positive differences occur when the NPP calculated from the 
variable soils dataset is greater than that calculated using a mean global value of 
soil carbon and soil nitrogen, and negative values occur when the reverse is true 
(Figure 3.3). The same convention is also used with the LAI difference map 
(Figure 3.4). 
The aim of this exercise was to highlight areas that are especially 
sensitive to the soils data input. For instance, if the mean soil carbon and 
nitrogen values for a cell were lower than the variable values, would this cause 
the NPP and LAI value to decrease or increase? In an area where there was a 
deficiency of soil carbon, the mean soil carbon value would be expected to be 
higher than the variable value. This would lead to a reduction in the nitrogen 
uptake and one would therefore expect the NPP to decrease. 
3.4 Results 
Figure 3.2 shows the global distribution of soil carbon and soil nitrogen 
as used in the DOLY model (Post et al., 1982,1985; Zinke et al., 1984). The 
patterns are broadly consistent with those stated in the literature. Moderate to 
high soil carbon values (i. e. in the range 12000 to 42000 gC M-2 ) occur in the 
mid- to high-latitudes, and high soil nitrogen values (2400 to 3000 gN M-2) in 
tropical areas. There are a few exceptions to this. For instance, in Labrador, 
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Canada where the soils have a relatively high soil nitrogen content of between 
1800 and 2400 gN M-2 and, in eastern Papua New Guinea where the soils have 
a high soil carbon content of the order of 30000 gC M-2. Despite these 
exceptions the general patterns hold true. Table 3.3 shows the average soil 
carbon and soil nitrogen values used in the sensitivity analysis. 
Table 3.3 The average global soil carbon and nitrogen values used in the 
sensitivity analysis. The soil carbon values range from 0 to 36600 gC M-2 and 
the soil nitrogen values from 0 to 2853 gN M-2. 
Average global soil carbon value Average global soil nitrogen value 
(gN M-2) 
12011 793 
From section 3.2 it was stated that soil nitrogen does not have an impact on 
nitrogen uptake above a value of 600 gN M-2 in the model. This means that the 
soil nitrogen only affects nitrogen uptake, and hence LAI and NPP, in regions 
where the soil nitrogen values are below 600 gN M-2. The use of a single global 
mean value of 793 gN M-2 of soil nitrogen in such regions will therefore 
increase nitrogen uptake. In areas which have current soil nitrogen values 
greater than 600 gN M-2 then the use of the single global mean value of 
793 gN M-2 will have no affect on the nitrogen uptake. This uptake will 
however still be affected by changes in soil carbon. These factors need to be 
considered when analyzing the following results. 
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Figure 3.2 Global soil carbon and soil nitrogen (g M-2) on a I' by I' global 
grid. These data were assembled by Woodward and Smith (I 994a) from data 
obtained by Zinke and co-workers (Zinke et aI, 1984; Post et al., 1982,1985) 
from site observations across the world. 
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Figure 3.3 shows the difference map of NPP (tC ha-I yr-1) calculated using 
variable soil values and a mean single global value of soil carbon and soil 
nitrogen. The global range of NPP is between 0 and 13 tC ha-I yr-1. Areas 
where the NPP calculated from variable soils data is greater than the values 
obtained using the mean single global value are shown as positive values and 
the reverse situation as negative values. 
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Figure 3.4 shows the difference map of LAI calculated using variable soil 
values and a mean single global value of soil carbon and soil nitrogen. The 
global range of LAI is between 0 and 9. Areas where the LAI calculated from 
variable soils data is greater than the values obtained using the mean single 
global value are shown as positive values and the reverse situation as negative 
values. 
If the variable soil carbon and nitrogen values are used instead of the 
single mean global value (Figure 3.3) then the NPP values are greater than 
those calculated with the mean soil values by I tC ha-1 yr-1 in Uruguay, 
southern Brazil, the Amazon and Tocantins river basins of Brazil, and the other 
equatorial rain forest regions of the world-Zaire, and Indonesia. Also, the 
southern savannah regions of Africa, southern Mexico, Panama and eastern 
China have NPP values that are greater with the variable soil carbon and 
nitrogen values. In eastern China, the actual soil carbon values are lower than 
the mean by about 3000 gC M-2 and the soil nitrogen is above 600 gN m-2- 
This means that by using the mean soil carbon value, instead of the variable soil 
carbon value, nitrogen uptake decreases. Thus the uptake is higher with the 
variable soil carbon and the NPP is higher. At the global level, the total global 
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NPP value calculated from the model run with the mean soil carbon value is 
53.4 GtC kM2 yr-I but with the variable soil carbon value it is lower with a 
value of 48.9 GtC kM2 yr-1. This shows that the use of the mean value 
decreases the total amount of soil carbon globally, increasing nitrogen uptake 
and NPP. 
The negative values that occur in Greenland and the far northern 
coastline of both Canada, Alaska and Siberia are caused by the fact that the 
program allocates values of -1 for snow and ice, and -2 for bare ground, the 
soil carbon and nitrogen for these regions is zero and also the NPP. These areas 
can be more easily identified from Figure 3.2. Actual decreases in NPP of 
mostly I tC ha-1 yr-1 occur on the Kamchatka peninsular and along the coast of 
the Sea of Okhotsk in eastern Siberia, also along the Yukon coast in western 
Canada going north into Alaska, and in Labrador. Here the carbon values of 
the soils are high so the use of the mean value causes an increase in nitrogen 
uptake which gives a greater NPP value than occurs with the variable soils, and 
hence a negative difference value. This situation also arises in Colombia, the 
eastern part of the Tibetan plateau, the Alps, the coast of Norway, Sarawak in 
Indonesia and southern Chile, the far north of Scotland and Iceland. All these 
areas have soil carbon values which exceed the average. The greatest negative 
difference of 3 tC ha-1 yr-1 occurs in Papua New Guinea, again because of the 
large amount of soil carbon here. 
We can conclude from this that soils do have an impact on NPP in areas 
where soil carbon is high (i. e. greater. than 24000 gC M-2). 
Figure 3.4 shows that similar patterns occur with the negative 
difference values of LAI as with NPP but there are some subtle differences and 
some additional areas of negative difference. For instance there are the same 
patterns in the far North due to snow, ice and bare ground. Also Ontario, 
Quebec and Maine show similar decreases in LAI with a single global value 
used instead of a variable soil carbon and nitrogen value. In these areas the 
carbon values of the soils are higher than the average value so there is an 
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increase in nitrogen uptake which gives a greater LAI value than occurs with 
the variable soils, and hence a negative difference value. The low nitrogen 
concentration in the soil appears to be influential in both the northern and 
southern savannah regions of Africa as well as southern Argentina. The average 
soil nitrogen value is greater than the variable value and causes an increase in 
nitrogen uptake. This increases LAI and causes a negative difference value. 
However this increased nitrogen uptake has not been sufficient to increase the 
annual NPP value although it has led to improved water use efficiency which 
means that a larger LAI can be supported by the same NPP. In the equatorial 
regions where the NPP is greater with the variable soil carbon value than with 
the average value which has a lower nitrogen uptake, there is no change in 
LAI. There is sufficient water in these regions for no extra benefit to be gained 
from increased LAI even though there is greater NPP. Soil carbon has a greater 
impact on NPP where water is plentiful and soil nitrogen affects LAI in and 
areas when it is low. The mean global LAI value for the variable soil carbon 
value is 3.6 and for the mean soil carbon value it is 3.7. Although there is little 
change in the LAI value between the two soil treatments the amount of 
vegetated area is greater with a value of 113.9 x 106 kM2 for the mean soil 
carbon value compared with 102.7 x 106 kM2 for the variable soil carbon 
value. This shows that the use of the mean soil carbon value increases the 
vegetated area and causes a slight increase in the global LAI. 
3.5 Discussion 
The aim of this sensitivity analysis was to examine the influence of soil 
carbon and nitrogen on the DOLY model. This simple technique has 
demonstrated quite clearly the importance of soil'carbon and nitrogen in certain 
regions of the world such as the tropics and the tundra regions. This analysis 
has shown that there are large areas where the model outputs of LAI and NPP 
- are insensitiVe to the soils data. It has also highlighted areas where the 
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difference between the cell soil value and the average global value is small. In 
this study soil carbon and soil nitrogen have been the only nutrients examined. 
Phosphorous is also important and has an impact on vegetation, particularly in 
areas such as the tropics but this has not yet been included in DOLY. More 
detailed soils information on the texture, and depth of soils is now available on 
CD-ROM in the ISLSCP database (Meeson et aL, 1995; Sellers et al., 1995). 
The DOLY (water and soils version) model uses these soil texture data. The 
model creates its own soil which interacts with the vegetation component of 
the model. The soil texture influences the amount of water in the soil available 
to the vegetation, and, in turn, nitrogen uptake. 
In conclusion, soil nitrogen and soil carbon do have an effect on the 
output of the DOLY model. This effect is regional, and soil nitrogen only 
influences NPP and LAI at low nitrogen values. Soil carbon can have a 
significant impact on the final NPP value produced by DOLY, through its 
influence on nitrogen uptake. It is most influential in the tropics where there are 
small amounts, and the uptake of nitrogen is high; this in turn increases NPP. 
LAI output is less sensitive to soil carbon and nitrogen globally although there 
are some regional effects. 
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CHAPTER 4 
4.0 The sensitivity of the DOLY model to climate, 
atmospheric carbon dioxide and climate change 
4.1 Introduction 
Climate has an important influence on global vegetation and there have 
been numerous studies that link the distribution of global vegetation with the 
current climate (Holdridge, 1947; Box, 198 1; Woodward, 1987; Prentice et aL, 
1992). Individual climate variables influence vegetation in many different ways 
and can affect both the physiological processes operating within plants as well as 
their structural characteristics. For instance, temperature and relative humidity 
influence transpiration, stomatal conductance and photosynthesis, and the wind 
speed influences the growth and structure of vegetation. Precipitation is of vital 
importance without which no plant growth would be possible. 
In Chapter 3, there was an examination of the sensitivity of leaf area index 
(LAI), and net primary productivity (NPP) to soil inputs. This section aims to 
examine the sensitivity of these variables, together with stomatal conductance, to 
the climate variables of temperature, relative humidity and precipitation. Stornatal 
conductance is an important input variable to general circulation models (GCMs) 
(see Chapter 6). There is also an analysis of the sensitivity of the model to 
atmospheric carbon dioxide, together with a climate change scenario. In this 
scenario, all the climate variables alter together. It should be stressed that this 
scenario is a model sensitivity test and is not intended to predict what will happen 
with an actual change in climate. The following section describes the methods 
adopted to determine the sensitivity of the DOLY model to the climate data, 
along with the results. There is then a discussion of these results. 
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4.2 Methods 
The water version of the DOLY model is used in this sensitivity 
analysis. This means that the soil inputs are the same as with the standard 
version of the model. For more details of different versions of the model see 
Chapter 2. 
There are three stages to this sensitivity analysis. 
Stage 1: This stage determines how each climate variable would influence 
each output variable over a given range of climate values. This provides 
information about the range of climate values that cause the greatest response 
in the output variable. 
Stage 2: This stage calculates the sensitivity of each output variable to a given 
percentage change in the climate value. This is aided by the results from 
Stage 1. 
Stage 3: The final stage examines the effect of a set change in a combination 
of climate variables to see the effect they would have on the output variables. 
This stage aims to determine the dominant climate variable in a climate change 
scenario. 
Stage 1: To determine the influence of each climate variable on the output 
variables, LAI, NPP and stornatal conductance over a given range of input 
values. 
Eight test sites were chosen to represent seven of the world's major 
biomes. Details of these sites are in Table 4.1. The availability of suitable 
climate data (MUller, 1982; Leemans and Cramer, 1991) together with the fact 
that the vegetation at these sites was readily identifiable as a discrete biome 
(Archibold, 1995; Barbour and Billings, 1988) influenced the choice of these 
sites. Sites 5,6 and 8 are close to sites used by McGuire and co-workers 
(1992) to calibrate their terrestrial ecosystem model (TEM). Some authors 
have stated that the greatest temperature increases with climate change are 
likely to occur in the higher latitudes (Greco et al., 1994) due to sea-ice 
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interactions with the atmosphere and changes in albedo. The boreal forest- 
tundra boundary is identified as an area with the greatest sensitivity to climate 
change (Bonan et aL 1990,1992; Kauppi & Posch, 1985). The selection of 
three sites, one tundra site and two boreal sites, provided additional details as 
to the actual sensitivity of these regions. A small LAI (0.18) is predicted by 
the DOLY model for the tundra site. The northern boreal site is close to the 
boundary with the tundra and the more southerly site to that with temperate 
deciduous forest (Barbour and Billings, 1988). Both these sites are in North 
America. 
Table 4.1 Location and the biome represented for each of the 8 test sites used 
in the climate sensitivity analysis. 
Site Latitude Longitude Location details Biome 
I 67.5'N II5.0*W Coppermine, Tundra 
Northwest 
Territories, Canada 
2 61.0*N II3.5'W Fort Resolution, Northern boreal 
Northwest forest 
Territories, Canada 
3 49.0*N 82.01W Cochrane, Ontario, Southern boreal 
Canada forest 
4 48.5'N 7.5"E Strasbourg, France Temperate 
deciduous forest 
5 37.5'N 100.00W Dodge City, Kansas, Grassland 
USA 
6 2 1.0'N 72.5"E Surat, India Drought 
deciduous forest 
7 0.5*N 25.5'E Kisangani, Zaire Tropical rain 
forest 
8 15.0'S 28.5*E Lusaka, Zambia Savannah 
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The DOLY model was run with the usual mean monthly climate values, 
(see Table 4.2 for the mean monthly and annual values), but with one variable 
fixed so that it did not alter throughout the year. Further runs of the program 
used the three monthly climate variables but over a range of fixed values for 
one of these variables. Most of these combinations are physically realistic, 
although some are unlikely to occur in reality. For instance, low temperatures 
at a tropical site, low rainfall at a rain forest site, or low humidities (less than 
20%) at a high latitude site. These combinations have been included in the 
analysis for completeness. To determine the sensitivity of the model to 
temperature, the model was run with mean monthly values of relative humidity 
and precipitation, over a range of temperatures from 0 to 40'C. In January the 
monthly precipitation and relative humidity was input as usual, but the monthly 
temperature was set at O'C. This process was repeated for February through to 
December to derive an annual value of LAI, NPP and stomatal conductance at 
O'C. This process was also repeated with the temperature set at I O'C and so 
on, until all values had been calculated up to 40'C. The precipitation and 
humidity data are not linked to each other within the model. However, 
temperature and humidity both influence the vapour pressure deficit, (see 
Chapter 2, equations 2.26 and 2.27). It can be seen from equation 2.26 and 
Figure 2.5 that, for a given vapour pressure, if the air temperature increases the 
saturation vapour pressure, es (t), and hence the vapour pressure deficit (VPD) 
increase. Thus, relative humidity decreases as VPD increases. If the 
temperature is raised but relative humidity remains the same, then the vapour 
pressure deficit increases. This affects the calculation of evapotranspiration. 
The rate of evapotranspiration increases as both vapour pressure deficit and 
temperature increase (Figure 2.6). 
An additional run of the program was carried out whereby the 
temperature was set at a range of fixed values but the vapour pressure deficit 
was kept at the monthly values as shown in Table 4.2e. In effect, VPD was not 
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allowed to increase with increasing temperature. All the other monthly 
variables were retained as with previous runs. 
The aim of this exercise is to demonstrate how different biomes, 
represented by these test sites, would respond to changes over the full range of 
global temperatures, precipitation and humidities. It is also important to test 
that the DOLY model is able to operate outside its usual climate ranges. This 
would check whether the model produced spurious results or "crashed" in 
certain circumstances such as runs with low values of atmospheric carbon 
dioxide. 
Table 4.2 shows that the tundra and boreal sites (sites 1,2, and 3) have 
an annual mean temperature below 5"C. This value usually represents the 
minimum temperature (base temperature) for growth (Prentice et al. 1992). At 
these three sites, the mean monthly temperature is above 5"C for only 2,5 and 
6 months of the year, respectively. There is, therefore, a restriction on the 
potential for growth. 
Table 4.2 Climatic details for each of the 8 test sites used in the climate 
sensitivity analysis. The location and details of these sites are in Table 4.1 
Table 4.2a Annual mean temperature, relative humidity, and precipitation and 
total precipitation for the 8 test sites 
Site Annual mean Annual mean Monthly mean Annual total 
temperature relative precipitation precipitation 
(1, C) humidity (mm) (mm) 
N 
1 -11 79 16 191 
2 -4 77 28 331 
3 1 80 71 846 
4 10 78 64 763 
5 13 65 so 598 
6 27 59 84 1010 
7 24 86 151 1813 
8 21 62 73 874 
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Table 4.2b Mean monthly temperatures'('C) for each of the 8 test sites 
Mean monthly tem perature (T) 
M onth Number 
Site 12 3 4 5 6 7 8 9 10 11 12 
1 -29-31 -25 -16 -5 3 9 8 2 -7 -19 -26 
2 -27-24 -16 -5 5 11 15 14 7 -1 -12 -22 
3 -17 -15 -9 1 8 14 17 16 11 5 -4 -13 
4 12 6 10 14 17 19 18 15 10 6 2 
5 02 7 13 18 24 27 26 22 15 7 2 
6 22 24 28 31 32 31 28 28 28 29 26 23 
7 25 25 25 25 25 24 24 24 24 24 24 24 
8 22 22 22 21 18 16 16 19 22 25 23 22 
Table 4.2c Mean monthly precipitation (mm) for each of the 8 test sites 
Mean monthly precipitation (mm) 
Month Numbe 
Site 1 2 3 4 5 6 7 8 9 10 11 12 
1 9 8 9 7 13 15 32 30 24 19 14 11 
2 14 14 16 16 26 36 55 44 43 25 21 21 
3 58 47 53 54 74 89 82 84 90 72 80 63 
4 61 52 44 54 63 87 83 82 71 56 59 51 
5 12 17 28 55 91 87 75 80 57 53 25 18 
6 3 2 2 4 6 198 407 188 149 . 41 8 2 
7 -83 95 150 176 168 117 137 156 184 221 201 125 
8 228 181 103 20 4 0 0 0 0 16 94 228 
Table 4.2d Mean monthly humidity (%) for each of the 8 test sites 
Mean monthly humidity 
Month Number 
Site 1 2 3 4 5 6 7 8 9 10 11 12 
1 89 83 82 81 74 62 65 77 82 91 87 80 
2 86 79 69 71 68 65 67 73 77 83 92 96 
3 91 89 84 71 69 70 71 76 81 83 88 89 
4 84 81 75 70 71 72 71 75 79 83 86 87 
5 68 66 61 64 67 65 67 63 64 64 65 69 
6 47 48 44 49 60 71 81 79 74 55 47 47 
7 84 81 84 86 86 87 88 88 87 87 86 88 
8 83 87 80 72 64 60 35 46 41 40 61 80 
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Table 4.2e Mean monthly vapour pressure deficit (Pa) for each of the 8 test 
sites 
Mean monthly vapour pressure deficit (x 102 Pa) 
Month Number 
Site 1 2 3 4 5 6 7 8 9 10 11 12 
1 0.1 0.1 0.1 0.3 1.1 3.0 4.0 2.5 1.3 0.3 0.2 0.1 
2 0.1 0.2 0.5 1.2 2.9 4.6 5.6 4.2 2.4 1.0 0.2 0.1 
3 0.1 0.2 0.5 1.8 3.4 4.9 5.7 4.3 2.4 1.5 0.6 0.3 
4 1.1 1.4 2.4 3.7 4.7 5.6 6.4 5.3 3.7 2.1 1.3 0.9 
5 1.9 2.4 3.8 5.4 7.0 10.4 11.6 12.5 9.2 6.1 3.4 2.1 
6 14.4 15.4 20.7 22.3 18.7 12.9 7.4 7.9 9.9 17.7 17.9 '15.1 
7 4.9 5.9 5.0 4.4 4.3 3.9 3.5 3.5 3.8 3.9 4.2 3.6 
8 4.4 3.4 5.1 6.8 7.6 7.3 11.9 11.5 15.6 18.7 11.2 5.4 
The following tests were performed. 
1. a) The mean monthly temperature values were varied between 0 and 401C 
for each site but there was no alteration to the other site details. 
1. b) The mean monthly temperature values were varied between 0 and 40'C 
for each site, and monthly vapour pressure deficit values from Table 4.2e were 
used. There was no alteration to the other site details. 
2. The mean monthly precipitation values were varied between 0 and 200 mrn 
for each site, but the other site input details were not altered. 
3. The mean monthly relative humidity values wereyaried between 0 and 100% 
for each site, but the other site input details were not altered. 
4. The atmospheric C02 partial pressure was varied between 0 Pa to 70 Pa for 
each site, but the other site input details were not altered. 
Additional tests were performed using a sensitivity index, 0 (after Gates, 1985). 
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Stage 2: To calculate the sensitivity of each output variable to a given 
percentage change in the input variable. 
The DOLY model was run as normal for a full year using the data from 
the test sites to obtain initial values of NPP, LAI and stomatal conductance 
(see Table 4.3). The model was run again but this time, one of the climatic 
variables was increased by 10%, whilst the other variables remained 
unchanged. This test was repeated with further increases of 20 and 30% for 
temperature, precipitation, relative humidity and atmospheric C02 as well as 
decreases of 10,20 and 30% for precipitation and relative humidity. 
Atmospheric C02 was also increased by 60 and 100% in order to simulate 
increases of atmospheric C02 partial pressure to 56 Pa aný 70 Pa respectively 
(based on a present day atmospheric C02 partial pressure of 35 Pa). Percentage 
values were used so that the sensitivity of the model to such changes could be 
more easily calculated. An index of sensitivity was then calculated for each 
variable. It was decided to examine only increases of temperature and 
atmospheric C02 as they are not expected to decrease in climate change 
scenarios. There is, however, considerable uncertainty as to whether 
precipitation and relative humidity will increase or decrease (IPCC, 1990,1992) 
so the index of sensitivity was calculated for both situations with these 
variables. It has also been stated that there will be considerable regional 
variations in the magnitude of temperature increases (IPCC, 1990,1992) so a 
range of increases from 10 to 30% were selected for all the sites to give a 
reasonable indication of the likely impact of rising temperatures. This was also 
done with the other variables to provide comparisons. 
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Table 4.3 LAI, NPP and stomatal conductance predicted by the DOLY model 
for each of the 8 test sites for the current climate. 
Site Mean LAI for the 
year 
Annual NPP 
(tC ha-I yr-1) 
Mean annual canopy stomatal 
conductance 
(m S-1) 
1 0.18 0.57 0.23 
2 0.94 2.12 0.82 
3 1.29 3.18 1.25 
4 2.94 5.50 2.65 
5 1.87 6.86 1.85 
6 2.21 6.89 1.97 
7 7.53 14.98 6.72 
8 2.38 7.33 2.61 
Sta2e 3: 
Finally, all the variables were altered together as a climate change 
simulation (Test 9). According to the IPCC (1990) report the global mean 
temperature is expected to rise by YC, annual precipitation to increase by 10% 
and atmospheric C02 partial pressure to double to 70 Pa by the late 21 
century. These changes were made to the climate inputs and the results 
analyzed. Relative humidity was also increased by 10% in order to ascertain its 
impact. In addition to this, a further analysis was performed to determine the 
percentage changes in LAI, NPP and stomatal conductance in response to the 
climatic changes (Test 10). 
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4.3 Results 
The following results were obtained from each test performed. Table 4.4 shows 
the site number and biome for each of the eight test sites. 
Table 4.4 Site number and the corresponding biome description for the eight 
test sites. 
Site no. Biome description 
I Tundra 
2 Boreal (N) forest 
3 Boreal (S) forest 
4 Temperate deciduous forest 
5 Grass 
6 Drought deciduous forest 
7 Tropical rain forest 
8 Savannah 
Sta2e I 
Test 1 a: The climate inputs were kept constant except for monthly 
temperature which was increased between 0 and 40'C. 
Figure 4.1 shows the effect of increasing temperature on LAI, NPP and 
stomatal conductance for each of the 8 sites. The northern boreal forest and 
grassland sites (sites 2 and 5) behaved in a similar manner with LAI values 
increasing sharply between 0 and I O'C and then gradually decreasing to an LAI 
value of zero by 40'C. The tundra site (site 1) has a very low LAI, close 
to 1, which increases slightly between 5 and I OT and 20 and 25'C before 
declining again as temperatures continue to rise. The southern boreal forest, 
temperate deciduous forest and rain forest sites (sites 3,4 and 7) had similar 
patterns with their peak LAI values occurring around 250C. The dry deciduous 
and savannah sites (sites 6 and 8) also behaved similarly with a peak LAI value 
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of 2 occurring at 15'C with little change as temperatures rise. A more 
symmetrical pattern emerges with NPP. Sites 3,4,6,7 and 8 attain their 
maximum NPP values at 25C before declining. Sites 1,2 and 5 show a rise in 
values between 5 and I OC but little change at higher temperatures, and decline 
above 3011C. Stomatal conductance exhibits similar characteristics to LAI with 
increasing temperature for five of the sites. However, sites 3,4 and 7 show a 
decrease in stomatal conductance after 15 or 20'C instead of around 25'C as 
with the LAI values. It is interesting to note that the NPP values for sites 3 and 
8, which have similar precipitation totals, (Table 4.2a) have a similar response 
to increasing temperature, although site 3 is much colder. This suggests that 
the NPP value for a site is more dependent on its precipitation, than its 
temperature. This will be examined in Test 2. 
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Figure 4.1 a) to c). Values of a) LAI, b) NPP and c) stomatal conductance for 
a range of temperatures between 0 and 40'C for each of the 8 test sites. 
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Test I b: The climate inputs were kept constant except for monthly 
temperature which was increased between 0 and 40'C and monthly vapour 
pressure deficit values from Table 4.2e were used. 
It can be seen from Figure 4.2a the impact on LAI of retaining the 
monthly vapour pressure deficits for each site whilst allowing temperature to 
increase. At sites 3,4, and 7 the LAI values remain high (around 6 or 7) and do 
not decrease as markedly when the temperature exceeds 25'C as they do in 
Figure 4.1 a. This is due to the fact that the rising temperature is not having any 
effect on the vapour pressure deficit values. In Figure 4.1 a, the LAI values 
were reduced above 25'C by the high vapour pressure deficit values which 
increased the evapotranspiration, and reduced the amount of water in the soil. 
The boreal north site benefits from the raised temperatures and is able to 
maintain an LAI of around 4 up to 30'C. The tundra and grassland sites also 
benefit from raised temperatures and no changes in VPD. The LAI at the 
tundra site reaches 2 at 25'C, and LAI at the grassland site, which is also 
around 2, decreases beyond 251C. The savannah, and drought deciduous sites 
show little change between the two methods. From Table 4.2e, it can be seen 
that these sites have high VPD values relative to the other sites, as well as 
being hot, with low humidities (Table 4.2a, b and d). An increase in 
temperature would not, therefore, have a major impact on LAI as the VPDs are 
high already (Table 4.2e). 
All sites, except 6 and 8, show an increase in NPP values over the 
previous test (1a) which is particularly noticeable between 20 and 30'C (Figure 
4.2b) and is greatest for the temperate deciduous and the southern boreal sifes 
(about 2 tC ha-1 yr-1 increase). The stomatal conductance (Figure 4.2c) tends 
to remain higher for longer (compared to Test I a) at all sites VAth Test Ib with 
the exception of sites 6 and 8. The curves of the boreal south and temperate 
deciduous sites have similar behaviour which can be attributable to their similar 
climate (Tables 4.2a to 4.2e). The curves of the boreal north and grassland sites 
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Figure 4.2 a) to c) Values of a) LAI, b) NPP and c) stomatal conductance for a 
range of temperatures between 0 and 40' C for each of the 8 test sites. The 
monthly vapour pressure deficit for each site is taken from Table 4-2e. 
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are also similar. These sites have similar precipitation totals (Table 4.2a) 
although other aspects of their climate are different. 
Test 2: The site details were kept constant except for monthly precipitation 
which was increased between 0 and 200 mm. 
At sites 1,2,3 and 4, LAI increased with monthly precipitation up to 
50 mm, and then no further increase occurred (Figure 4.3). At site 5, a 
maximum LAI of around 5 was reached at 150 mm. Sites 6 and 8 also reached 
a maximum LAI at 15 0 mm and site 7 around 100 mm. The same pattern 
emerged for NPP with sites I to 4 being unresponsive to precipitation above 50 
mm and sites 5 to 8 being very responsive up to 150 mm, particularly site 6, the 
drought deciduous site. This highlights the importance of precipitation on NPP 
values in and areas. The effect of precipitation on stomatal conductance shows 
the same patterns as for LAI, but there is more divergence between the values 
of stomatal conductance for sites 6 and 8. 
Test 3: The site details were kept constant except for monthly relative 
humidity which was increased between 0 and 10.0% (Figure 4.4). 
Most sites showed little change in LAI between relative humidity values 
of 0 and 60%. Above 80% relative humidity, the LAI value for site 5 (the 
grassland site) increased from 2 to 4, and the value for site 7 from 7 to 8. The 
LAI value for sites 6 and 8 rose from 2 to 3 above this relative humidity. Most 
sites also had little change in their NPP values between 0 and 70% humidity but 
showed a slight rise above 70%, particularly sites 5,6,7, and 8. Stomatal 
conductance rises gradually with relative humidity at most sites except for sites 
I and 3 (the tundra and southern boreal sites) which change very little as the 
relative humidity increases. 
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Figure 4.3 a) to c) Values of a) LAI, b) NPP and c) stomatal conductance for a 
range of precipitation between 0 and 200 mm for each of the 8 test sites. 
N. B. The apparent decline in the tundra above 150 mm is due to the 
inadequate reproduction of this graph within this document. It is not a real 
effect. 
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Figure 4.4 a) to c) Values of a) LAI, b) NPP and c) stomatal conductance for 
a range of humidities between 0 and I OOYo for each of the 8 test sites. 
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Test 4: The site details are kept constant except for the atmospheric carbon 
dioxide value which is increased between 0 and 70 Pa (Figure 4.5). 
LAI increases with an increase in C02 partial pressure from 0 to 30 Pa 
at all sites before the rate of increase becomes very small. The LAI at site 7 
shows the greatest change, rising from 0 to 7 between 0 and 30 Pa. The NPP 
varies little with increasing C02 at sites I to 3. The other sites show a gradual 
increase with site 7 again being the most responsive. Figure 4.5c shows that 
there is very little change in stomatal conductance with increasing C02 at all the 
sites. Site 7 shows the greatest change in stomatal conductance wh&h 
decreases from 6.5 m s-1 at 20 Pa to 6m s-1 at 70 Pa. The fall in stomatal 
conductance that is shown between 0 and 10 Pa for all the sites is a result of 
the use of the Ball and Berry (1982) equation (see equation 2.54) in which 
stomatal conductance is dependent on photosynthesis. Empirical studies show 
that, at low C02 concentrations, photosynthesis increases linearly from the 
compensation point (near 0 Pa for C4 plants, and 5 Pa for C3 plants (Jones, 
1992)) to saturation which occurs at an intercellular C02 partial pressure of 
around 10 Pa (Collatz et al., 1992) for C4 plants, and 20 to 23 Pa for C3 plants 
(Jones, 1992). This is a "real" artifact as stomatal conductance should be very 
high at such low concentrations Of C02- It should be noted that the DOLY 
model has been designed to operate at atmospheric carbon dioxide values 
above 30 Pa. Any values below 30 Pa would not normally be calculated 
however, it is important to be aware of such artifactual effects within the 
model. This has been highlighted by this test. 
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Figure 4.5 a) to e) Values of a) LAI, b) NPP and c) stomatal conductance for 
a range of atmospheric carbon dioxide values between 0 and 70 Pa for each of 
the 8 test sites. 
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These tests have shown how LAI, NPP and stomatal conductance 
respond to the main climate inputs. It can be seen that there is very little 
sensitivity of NPP and LAI to changes in relative humidity across the range of 
normally observed values, but some increases do occur with high humidities. 
Also, stomatal conductance rises gradually with increasing relative humidity. 
LAI and NPP increase as the atmospheric C02 increases above 30 Pa and 
stomatal conductance decreases only slightly or, not at all, at some sites (sites 
1,2 and 3). The responses for the values of the C02 partial pressure below 10 
Pa are clearly incorrect due to the use of the Ball and Berry (1982) equation 
and the stomatal conductances should be greater than those shown. 
Increases in rainfall cause increases in NPP, LAI and stomatal 
conductance and these increases are greatest at dry sites such as 6 and 8. The 
responses of the output variables to temperature is more complex. Nitrogen 
uptake is dependent on temperature and increases with increasing temperature 
up to 25T. Above this temperature, the influence of the uptake kinetics means 
that this uptake then decreases as temperature continues to rise (see section 
3.2). The temperature dependence of nitrogen uptake directly affects LAI and 
NPP,, through its use in the calculation of assimilation and dark respiration (see 
equations 2.49 and 2.5 1, respectively). Dark respiration increases with 
increasing temperature. The combination of these effects means that NPP also 
decreases as temperatures rise above 25'C, as does LAI (see section 2.3.11), 
and this is highlighted in Figures 4.1 a, 4.1 b, 4.2a and 4.2b for most sites, 
except the northern boreal and the grassland site. These two sites were affected 
by increasing VPD (Figure 4.1 a). Temperature, humidity, assimilation and soil 
water content all directly affect stomatal conductance (see equation 2.54). 
When assimilation decreases with increasing temperature this is also reflected in 
a decrease of the mean annual stomatal conductahce. 
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Stage 2 
The following four tests change the input variables of temperature, 
relative humidity, precipitation and atmosphericC02, by given percentages. 
The DOLY model was run as normal for a full year using the data from the test 
sites to obtain initial values of NPP, LAI and stomatal conductance (Table 
4.3). The model was then run again but this time one of the monthly climatic 
variables was increased or decreased by 10,20 or 30% whilst the other 
variables remained unchanged. Obviously, a 10% increase in, say, temperature 
at I 01C, will give a different output variable compared with a 10% increase at 
30 IC. Also, if units of kelvin are used instead of degrees Celsius this too 
would give different results. Alternatively, if a set increase of YC was applied, 
this would have a greater impact on a cold site and would be a greater fraction 
of the annual temperature figure than at a tropical site. 
The aim of this particular exercise was to ensure that the changes made 
to each site were standardised in percentage terms, so that a fractional change 
in an output variable could be determined from a given fractional change in an 
input variable. For example, consider monthly temperatures in which each of 
the 12 monthly values is increased by 10% using the following equation: 
tmlo =tm+0.1 x t-M 
where 
t m1o is the monthly temperature with a 10% increase, and 
tm is the monthly temperature prior to the increase. 
The model was run with t m1o but with no change to the other monthly 
climatic variables. The output values of NPP, LAI and stomatal conductance 
were recorded, and the percentage change from t. he values in Table 4.3 
calculated. This process was repeated for a 20 and 30% increase. It should be 
noted that the vapour pressure deficit was allowed to respond to increasing 
temperatures in Test 5a. It was shown in Stage I (Figures 4.1 and 4.2) how this 
approach affects the output variables over a range of temperatures. Below a 
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temperature of I OIC this did not cause much difference. It did, however, have a 
noticeable effect on outputs for the northern boreal site and the grassland site 
above a temperature of 10 'C so a further test (Test 5b) was carried out. Test 
5b is the same as Test Sa except that the VPD is not permitted to vary with 
temperature and the data from Table 4.2e are used as input. 
An index of sensitivity (0) was then calculated for each variable. 0 is 
defined as the fractional change in the output variable with a fractional change 
in the input variable value (after Gates, 1985). 
V2 
-VI 
P2 
-PI 
V, 
/ 
P, 
) 
where 
V, is the output variable when the input variable is PI, 
and V2 is the output variable when the input variable is P2. 
For a 10% increase t1fis simplifies to: 
V2 
-VI 0.1 
V, 
/I 
(4.2) 
In the case of temperature, if say the LAI value 0.18 for site I (see Table 4.3) 
had risen to 0.25 with a 10% increase in temperature, this would be recorded 
as a 39% increase in LAI. The index of sensitivity would then be 3.9 (0.39/0.1). 
To interpret the index of sensitivity, consider the situation where the input 
variable has been increased by 10% and the index of sensitivity is greater than 
1. This means that the input variable has caused an increase in the output 
variable of greater than 10%. The reverse is true if the values are less than 1. A 
value of I means that the output variable has responded in exactly the same 
way as the input variable; i. e. increased by 10% in this case. A value of zero 
means that there has been no response of the output variable to the increase or 
decrease in the input variable. If the input variable has decreased by a given 
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percentage, and the output variable has also decreased, then the index of 
sensitivity is positive. If the input variable has decreased by a given percentage, 
and the output variable has increased, then the index of sensitivity is negative. 
The site numbers and their associated biomes are shown in Table 4.1. 
Test 5a: Mean monthly temperatures were increased by 10,20 and 30% to 
ascertain the sensitivity indices of LAI, NPP and stomatal conductance (for 
each of the 8 sites). The vapour pressure deficit is allowed to vary with 
temperature. The original temperature data are presented in Table 4.2b and the 
sensitivity results are shown in Figure 4.6. This figure shows how the index of 
sensitivity varies for LAI, NPP and stomatal conductance with 10,20 and 30% 
increases in mean monthly temperature. 
The least sensitive sites with respect to LAI are the rain forest and 
savannah sites (sites 7 and 8) with little or no change with an increase in 
temperature. Sites 1,2,4,5, and 6 show a little more sensitivity. The northern 
boreal forest, grassland and dry deciduous sites (sites 2,5 and 6) have negative 
values, i. e. their LAI values decrease slightly as temperature increases, and the 
tundra and temperate deciduous forest sites (sites I and 4) have a small positive 
value. At all these sites, the sensitivity is less than unity which means that the 
increase or decrease is less than the temperature change of 10,20 or 30%. Site 
3 (southern boreal) is the most sensitive site with a0 value of 3.3, i. e. there has 
been a 33% increase in LAI for a 10% increase in temperature. This sensitivity 
however, decreases with increasing temperature. This means that as the mean 
monthly temperatures increase the response of the LAI is reduced. This can be 
seen in Figure 4.1 for the temperature range 5 to 25'C (this is the range which 
is covered by the monthly temperatures between May and October, including 
the percentage increases, for site 3) as shown in Table 4.2b. 
Site 3 is also sensitive with regards to NPP with an increase of almost 
20% for all the temperature increases. Site I has a0 value equal to I for a 30% 
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increase in temperature and site 6 decreases by I with a 30% increase in 
temperature. The other sites all show 0 values of less than 1. 
Site 3 (southern boreal) has the most sensitive stomatal conductance 
which increases by around 25% for a 10% increase in temperature. Sites 2,5,7 
and 8 show decreases of less than 30% for a 30% increase in temperature. Sites 
4 and 6 have a very low positive response and site Ia slightly higher response 
with approximately a 15% increase for a 30% increase in temperature. 
Test 5b: Mean monthly temperatures were increased by 10,20 and 30% to 
ascertain the sensitivity indices of LAI, NPP and stomatal conductance (for 
each of the 8 sites). The vapour pressure deficit is not allowed to vary with 
temperature. 
The original temperature data are presented in Table 4.2b, and the 
vapour pressure values in Table 4.2e. Figure 4.7 shows how the index of 
sensitivity varies for the 8 sites and for LAI, NPP and stomatal conductance 
with 10,20 and 30% increases in mean monthly temperature. 
By comparing Figure 4.7 with Figure 4.6 it can be seen that a number 
of changes have occurred. Considering LAI first of all, the index of sensitivity 
has decreased at sites 2 and 6 (northern boreal and drought deciduous sites), 
particularly for the 30% increase in temperature, due to the effect of not 
permitting VPD to increase with increasing temperature. The LAI for these 
sites increases over a greater temperature range than in Test Ia (see Figure 
4.1 a) as shown in Figure 4.2a. However, at sites 3,4, and 8 (southern boreal, 
temperate deciduous and savannah sites), the index of sensitivity has increased, 
and, in the case of site 5 (grass), risen from a negative to a positive value 
(although the positive sensitivity is not as great as the negative sensitivity from 
Test 5a). In the case of sites 3 and 4 this is due to a greater increase in LAI 
with temperature over the range 15 to 25 T (Figure 4.2a) than occurred when 
VPD increased with temperature (Figure 4.1 a). At site 5 (grass), LAI decreases 
with increasing temperature above a temperature of I OOC (Figure 4.1 a) 
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but if the VPD does not increase there is a slight increase in LAI (Figure 4.2a), 
hence the small positive sensitivity. At sites 1,6 and 7 (tundra, drought 
deciduous and rain forest) the effect of keeping VPD constant has had very 
little effect on the sensitivity of the LAI at these sites to temperature. Similar 
trends emerge with NPP. In the case of stomatal conductance, sites 2 and 5 
(northern boreal and grass) show decreases in their index of sensitivity to 
temperature by using a set monthly VPD value. This is due to a low sensitivity 
of stomatal conductance values to increasing VPD and temperature (Figure 
4.2c). The index of sensitivity increases at sites 3,4,6 and 8, particularly for 
increases of 10 or 20% in temperature, due to a greater sensitivity of stomatal 
conductance with temperature than from Test Ia. Sites I and 7 (tundra and rain 
forest) hardly show any changes in the index of sensitivity between Tests 5a 
and 5b. 
Test 5b has shown that the southern boreal forest (site 3) remains the 
most sensitive site with regards to changing LAI, NPP and stomatal 
conductance in response to increasing temperature. This sensitivity increases 
further if the vapour pressure deficit does not vary. However, the sensitivity 
decreases with increasing temperature as LAI, NPP and stomatal conductance 
decline with increasing temperature (Figure 4.2). 
Test 6: Mean monthly precipitation was increased and decreased by 10,20 and 
30% to ascertain the sensitivity indices of LAI, NPP and stomatal conductance 
(for each of the 8 sites). 
The original precipitation data are presented in Table 4.2c. Figure 4.8 
shows how the index of sensitivity varies for the 8 sites and for LAI, NPP and 
stomatal conductance with I Oý 20 and 3 0% increases and decreases in mean 
monthly precipitation. It should be noted that the index of sensitivity is positive 
in all cases. At all sites the LAI responds in the same manner as the 
precipitation. For instance, as precipitation increases, LAI increases, and as 
precipitation decreases, LAI decreases. The LAI values at sites 2 (northern 
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Site number 
boreal) and 5 (grassland) are most sensitive to precipitation. Site 2 is most 
sensitive to a 10% decrease, and, site 5 to a 20% increase. From Figure 4.3a it 
can be seen that the greatest change in LAI occurs between 0 and 50 mrn at site 
2, and from Table 4.2c, that mean monthly precipitation only exceeds 50 mm in 
July. This means that the index of sensitivity is derived for this part of the 
curve. The greater the increase of LAI with increasing precipitation, the greater 
will be the index of sensitivity. Site 5 shows the greatest change in LAI 
between monthly precipitation values of 0 and 150 mm. Sites 1,3,4, and 7 
(tundra, southern boreal, temperate deciduous and rain forest sites) have 0 
values which are below 0.5, so for a 10% increase in precipitation there is a 5% 
increase in LAI. Sites 6 and 8 have a slightly higher sensitivity of around 0.5 to 
a decrease in precipitation compared to other sites. Site 6 (drought deciduous 
site) is most responsive to a3 0% decrease and site 8 (savannah site), a 10% 
increase. The index of sensitivity for LAI at sites 2 (northern boreal) and 6 
(drought deciduous) is greater for decreases in precipitation than increases. 
This means that there is a greater sensitivity to a drying than a wetting situation 
at these sites and that the decrease in LAI exceeds the increase in LAI. This 
also occurs with the index of sensitivity for NPP at sites 4 (temperate 
deciduous) and 7 (rain forest). 
NPP responds in a similar manner to LAI but sites 1,3,4 and 7 have 
slightly greater sensitivities than those for LAI. Sites 2 and 5 are the most 
responsive to precipitation with 0 values close to 1. Sites 6 and 8 have lower 
values than with LAI, which decrease with increasing precipitation. Stomatal 
conductance responses show the same sort of patterns as NPP for sites 6,7, 
and 8, and as LAI for sites 2 and 5. 
The index of sensitivity tends to decrease with increasing precipitation 
for most of the sites. This reflects the saturating fesponse that is evident in 
Figure 4.3. 
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Test 7: Mean monthly humidity was increased and decreased by 10,20 and 
30% to ascertain the sensitivity indices of LAI, NPP and stomatal conductance 
(for each of the 8 sites). 
The original humidity data are presented in Table 4.2d. The sensitivity 
results are shown in Figure 4.9. This figure shows how the index of sensitivity 
varies for the 8 sites and for LAI, NPP and stomatal conductance with 10,20 
and 30% increases and decreases in mean monthly relative humidity. 
The LAI at most sites has a low sensitivity to relative humidity, with the 
value of 0 for the tundra, southern boreal forest, temperate deciduous and rain 
forest sites (sites 1,3,4,6, and 7) either close to or below 0.5. Site 8 
(savannah) has a0 value around I for 10,20 and 30% increases and site 2 
(northern boreal) for decreases of 10,20 and 30%. The site displaying the 
greatest sensitivity is the grassland site (site 5) with a 60% increase in LAI for a 
30% increase in relative humidity. Figure 4.4 shows how the LAI increases 
sharply at humidities greater than 80% for the grassland site. NPP also has low 
sensitivity values to relative humidity with all but site 5 having a0 value below 
1. Stomatal conductance is more sensitive to relative humidity than NPP with a 
highest 0 value of 1.8 which occurs at site 5 with a 10% increase in relative 
humidity. Most sites are close to a0 value of 1, and sites I and 3 have values 
of less than 0.5. Site 5 is a site with high temperatures and fairly low humidity. 
It has a moderate NPP, together with a moderate to low stomatal conductance 
and LAI (see Table 4.3). If humidity increases and there is no change in 
temperature then there is a decrease in VPD. As temperatures are high this 
decrease is greater (Figure 2.5) than would occur at lower temperatures. 
Although stomatal conductance increases with the increase in humidity this is 
offset by the large fall in VPD. The decrease in VPD therefore reduces 
evaporation and contributes to the increase in both LAI and NPP. 
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Figure 4.9 a) to c) Index of sensitivity of LAI, NPP and stomatal conductance 
to 10,20 and 30% increases and decreases in humidity for 8 test sites. 
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Test 8: Atmospheric carbon dioxide was increased by 10,20,30,60 and 100% 
to ascertain the sensitivity indices of LAI, NPP and stomatal conductance (for 
each of the 8 sites). 
The atmospheric C02 partial pressure for the present day is 35 Pa. The 
sensitivity results are shown in Figure 4.10. Site 5 (grass) shows the greatest 
sensitivity of LAI to C02 with a0 value of 0.5 5 (i. e. an increase of 5.5 % in 
LAI for a 10% increase in C02)- Site I (tundra) is insensitive to an increase of 
10 or 20% Of C02 but responds slightly when it increases to 3 0%. At all the 
other sites the index of sensitivity for LAI is lower for a 100% increase in C02 
than for a 10% increase. This highlights the fact that the increase in LAI for a 
small increase in C02 (i. e. 35 to 38.5 Pa) is greater than the increase for a large 
increase in C02 (i. e. 35 to 70 Pa). This pattern is clearly demonstrated with 
NPP, which is slightly more sensitive to C02 than LAI, for most sites. Sites 6 
and 7 (drought deciduous and rain forest) have greater sensitivities for NPP 
than LAI and the highest 0 value of 0.73 occurs at site 7 with a 10% increase in 
C02- Stomatal conductance has very little response to the 10% increase in C02 
and the 0 value ranges between 0.16 at site 5 to -0.13 at site 6. Sites 2 to 5 
(northern and southern boreal forest, temperate deciduous, and grass) have 
positive responses to an increase in C02 and sites I (tundra), and 6 to 8 
(drought deciduous, rain forest and savannah) have negative responses. At sites 
6 to 8, stomatal conductance decreases as C02 increases. 
Stage 3 
Test 9: Various input variables were altered to determine the effects of a 
climate change scenario on the sensitivity of LAI, NPP and stomatal 
conductance (for each of the 8 sites). 
This has been set for a doubled-C02 climate. The following scenano 
has been used: an increase in atmospheric carbon dioxide of 100%, a 20% 
increase in temperature and a 10% increase in precipitation and relative 
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23456 
Site number 
humidity. Note that because there is a range of possible global mean 
temperatures forecast for the end of the next century (2'C to 4*C IPCC 
(1990)) and because such temperatures have considerable spatial variability it 
was decided to use a percentage change in temperature. This also aids in the 
sensitivity analysis so that the results from the same percentage change can be 
compared between sites. A 20% increase in temperature was used which gives 
increases of between 0.5"C (cooler sites) and 6'C (warmest site). The data 
used are presented in Table 4.5. 
Table 4.5 Calculated values for a doubled-C02 climate simulation. 100% of 
the present-day CO 2' 20% 
increase in temperature and 10% increase in 
precipitation and relative humidity for the 8 test sites. 
Site Mean annual Monthly mean Mean annual C02 +100% 
relative precipitation temperature (Pa) 
humidity +10% +20% 
+10% (mm) (OC) 
N 
1 87.36 17.51 -8.98 70.0 
2 84.88 30.34 -3.53 70.0 
3 88.18 77.55 1.43 70.0 
4 85.62 69.94 12.21 70.0 
5 71.78 54.82 16.11 70.0 
6 64.35 92.58 32.95 70.0 
7 94.60 166.19 29.06 70.0 
8 68.66 80.12 24.70 70.0 
In order to determine the impact of climate change, as opposed to just 
one climate variable, the values obtained from calculating LAI, NPP and 
stomatal conductance with climate change were compared to those calculated 
from the change in one climatic variable. The results are presented in Figure 
4.11. Climatic change gives the highest LAI at all sites except for site 6 (dry 
deciduous) where C02 alone gives the highest value. At site I (tundra) there is 
very little change in LAI with all scenarios and it remains low. At site 2 
(northern boreal forest) there is little difference in the LAI values with 
increased C02, relative humidity and precipitation, but there is a reduction in 
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LAI with the 20% increase in temperature. At site 3 (southern boreal forest), 
the reverse is true and the increase in temperature increases the LAI, although 
not by as much as with climate change. There is little change in LAI with 
precipitation and relative humidity increases, but a slight rise with an increase in 
C02. The LAI at site 4 (temperate deciduous forest) increases with 
temperature and carbon dioxide and as with site 3 there is little change with 
relative humidity and precipitation. Site 5 (grass) displays a similar pattern to 
site 4 but LAI decreases as temperature increases. At site 6 (drought 
deciduous) this also occurs, but there is little change in LAI with all the 
scenarios, although it increases slightly. Site 7 (rain forest) shows a similar 
pattern to site 6 although LAI is higher. Also the climate change scenario gives 
the greatest LAI rather than carbon dioxide alone as at site 6. Site 8 (savannah) 
shows very little change with temperature and only slight increases with relative 
humidity and precipitation. The highest LAI values occur with climate change, 
closely followed by the increase in C02- It can be seen how increasing 
temperature at sites 3 and 4 increases LAI. At sites 2,5,6, and 7 (northern 
boreal forest, grass, drought deciduous and rain forest), increasing temperature 
reduces LAI. At the other sites there is little change in LAI with increasing 
temperature. Rainfall and relative humidity cause slight increases in LAI at sites 
4 to 8 but there is practically no change at the high latitude sites. 
Similar patterns emerge with NPP with the warmer sites (sites 6,7 and 
8) showing a greater sensitivity to C02 and the cooler sites (sites 2 and 3) to 
both temperature and C02. 
In the case of stomatal conductance, humidity assumes a greater 
importance, particularly at sites 4 to 8. However, increasing temperature and 
C02 with the climate change scenario tempers its influence leading to 
reductions in stomatal conductance at sites 6,7 and 8 with climate change. 0 
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Figure 4.11 a) to c) Values of LAI, NPP and stomatal conductance for a 
climate change scenario and for changes in individual climate variables for 8 
test sites. 
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Test 10: To determine the dominant input variable within the suggested climate 
change scenario (for each of the 8 sites). 
In order to determine the dominant influence within the climate change 
scenario, the percentage change in LAI, NPP and stomatal conductance was 
calculated for a given change in the input variable. The results are shown in 
Figure 4.12. This figure shows percentage changes. These may appear to be 
high in some cases even though the actual change is small. For example, the 
LAI of the tundra site is very low with a value of 0.18, but the percentage 
change, with increased temperature and C02, is 15%- 
Figure 4.12 shows that the dominant influence of climatic change on 
LAI at sites 4,5,7 and 8 (temperate deciduous, grass, rain forest and 
savannah) is C02, and at sites 2 and 3 (northern and southern boreal forest) it 
is temperature. At site I (tundra), temperature is of equal importance to C02 
and, at site 6 (drought deciduous), temperature also has an impact and results 
in a lower LAI with climate change, than with a change in C02 alone. In the 
case of NPP, a similar pattern emerges with site I equally sensitive to 
temperature and carbon dioxide. At site 3, temperature is the dominant variable 
and this is also shown at site 6 where the NPP response to climatic change is 
lower than with C02 alone. At site 7, temperature also has a slight tempering 
influence on the LAI with climate change. In the case of stomatal conductance, 
sites 1.2 and 3 are most sensitive to the temperature component of climate 
change and sites 4 and 5 are most influenced by relative humidity, although a 
fall in temperature appears to reduce the impact of the increased relative 
humidity at site 5. Sites 6,7 and 8 are mainly influenced by C02, which causes 
a decrease in stomatal conductance with climate change. 
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Figure 4.12 Graphs showing the changes in values of LAI, NPP and 
stomatal conductance for a given change in each of the input variables: 
precipitation, humidity, temperature, carbon dioxide and climate change, for 
the 8 test sites. 
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3.2.4 Discussion 
Increasing monthly temperature from 0 to 40*C causes increases in NPP 
at all sites, up to a temperature of 25"C. Above this temperature, increasing dark 
respiration, increasing vapour pressure deficits and decreasing soil water causes 
NPP to decrease. Nitrogen uptake is also reduced. 
LAI and stomatal conductance display similar patterns to NPP, but, at 
the northern boreal site and the grassland site, if the vapour pressure deficit is 
allowed to increase with increasing temperature, stomatal conductance and LAI 
decrease at temperatures above I O'C. If the vapour pressure deficit is held 
constant this decrease in LAI and stomatal conductance is reduced and does not 
occur until higher temperatures (than using the variable VPD) are reached. The 
low precipitation at these sites, together with high evapotranspiration, caused by 
the increasing temperature, also contributes to this effect. 
Increasing monthly precipitation from 0 to 200 mm causes increases in 
LAI, NPP and stornatal conductance, with the greatest initial change in NPP, 
occurring at the rain forest site. 
Precipitation data are used within the model to calculate the amount of 
soil water available to plants. Soil water also influences stornatal conductance 
and, in turn, the assimilation rate implied by the difftision gradient in C02 
concentration from the atmosphere into the intercellular air spaces. This rate 
increases with stomatal conductance (see equation 2.58). Reductions in stomatal 
conductance occur as the soil water content declines, even though the leaf water 
potential remains unchanged. The hyperbolic soil water response function, kg 
(ws) (see equation 2.57), ensures conductance levels off as soil water reaches a 
maximum value At sites where there is no shortage of water, as in the rain 
forest, the LAI and NPP will be high, providing precipitation exceeds 
evapotranspiration and the temperatures are high enough. However further 
increases in precipitation do not cause any further increases in stomatal 
conductance, or LAI and NPP due to the asymptotic nature of the response 
function. The three most northern sites show no further response to 
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an increase in precipitation beyond a monthly precipitation value of 50 mm. 
Increased precipitation has a limited beneficial effect on stomatal conductance, 
NPP and LAI at these sites, because temperature plays a more dominant role 
through its effect on nitrogen uptake. Low temperatures keep assimilation, 
NPP and LAI low. All the other sites have an increase in LAI, NPP and 
stomatal conductance up to a value of 150 mm. Temperatures are greater than 
the other sites and the effect of additional precipitation increases assimilation. 
The rain forest site, the savannah site and the drought deciduous site have the 
greatest response to a wetting. It is interesting to note that, given a monthly 
rainfall amount of 200 mm, the savannah site and the drought deciduous site 
would have the same NPP and LAI as the rain forest, although the stomatal 
conductance would be slightly lower. 
Increasing monthly relative humidity from 0 to 100% had little effect on 
LAI and NPP unless the humidity values were high. 
LAI and NPP increase with increasing atmospheric C02 but the 
response is asymptotic so that in the case of LAI there was only a slight 
increase above 35 Pa (the present-day figure used within DOLY). NPP showed 
a greater response above this value, particularly for the rain forest site which 
had the greatest NPP value. The stomatal conductance showed a slight 
decrease for the rain forest site, but in general there was very little change with 
increasing C02. The values for an atmospheric partial pressure of less than 10 
Pa were incorrect due to an artifact effect from the use of the Ball and Berry 
(1982) equation in which stomatal conductance is dependent on 
photosynthesis. The dry deciduous and savannah sites were also responsive to 
C02, although the stomatal conductance at these sites showed little change. 
The sensitivity analysis has shown that temperature has the greatest 
impact on NPP and LAI particularly at the colder sites, (southern boreal forest) 
where there is a 35% increase in LAI for a 10% increase in temperature. 
Precipitation is also important and impacts on the northern boreal and the 
grassland sites. In the case of the northern boreal site LAI decreases by_ 17% 
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for a 10% decrease in precipitation. At the grassland site, there is a 30% 
increase in LAI for a 20% increase in precipitation. In the case of relative 
humidity, the northern boreal site and the grassland sites are again the most 
sensitive in relation to the other sites, though the sensitivities are low. LAI 
increases by 13% for a 10% increase in relative humidity at the northern boreal 
site, and by 22% for a 30% change at the grassland site. Atmospheric C02 is 
the variable to which there is the least sensitivity. The grassland site displays 
the greatest sensitivity with LAI increasing by 5% for a 10% increase in C02, 
and the rain forest site is the most sensitive with NPP. There is also some 
sensitivity with stomatal conductance but this is very small (around 0.25) and 
occurs at the dry deciduous, rain forest and savannah sites. These sites show a 
slight decrease in stomatal conductance at high values of atmospheric C02 
(Figure 4.6c) which impacts on the outputs from the sensitivity analysis. At the 
cooler, northern sites, C02 has very little effect on the three variables. 
The climate change simulation altered all the variables together. LAI 
and NPP increased at all sites with the climate change scenario, but the size of 
this response varied between sites. This is due to the effects of temperature, as 
well as the soil carbon which also varies between the sites. The four colder sites 
have the highest values of soil carbon (>12000 gC M-2), and the warmer sites 
the lowest values (<12000 gC M-2). All the soil nitrogen values exceed 
600 gN m-2 at these test sites. Higher soil carbon levels reduce nitrogen uptake 
which in turn reduce assimilation and dark respiration. Nitrogen uptake is also 
influenced by soil water and temperature (see section 3.2). Increasing C02 by 
100% means that it becomes the dominant factor in the changes in LAI and 
NPP caused by climate change, but it is moderated by the influence of 
temperature and soil water. Assimilation rises with increasing C02, but 
stomatal conductance decreases. Temperature also affects assimilation through 
its influence on nitrogen uptake. At temperatures below 28'C, assimilation 
increases as temperature increases, and then decreases above this temperature. 
Also, dark respiration increases with temperature and shows an initial steep 
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increase in rate with temperature and then a falling rate as temperature increases 
further. The amount of soil water and temperature also influence stornatal 
conductance. Providing there is sufficient water, NPP increases if assimilation 
increases at a faster rate than dark respiration. At the northern boreal site, and the 
drought deciduous site, the temperature increase reduced the effect of the 
increased C02 in the climate change scenario. In the case of the northern boreal 
site, precipitation is low and increasing temperatures would reduce the amount of 
soil water as well as increase the dark respiration rate, and these combined 
effects would reduce LAI and NPP. At the hotter, drought deciduous site, the 
increased temperatures lead to a reduction in nitrogen uptake, and greater dark 
respiration relative to assimilation, thereby reducing NPP. Stomatal conductance 
increased at the four northern sites with climate change, but it decreased at the 
dry deciduous, rain forest and savannah sites due to the combination of high 
temperatures and increased C02. The climate change effect was greater than any 
individual effect at all sites except the dry deciduous site. At this site, the 10% 
increase in temperature caused a decrease in NPP, which was not offset by 
increased C02- 
It is recognised that there are no comparisons between the model outputs 
and observations from real plants or from other models. There are a number of 
reasons for these omissions. The first is that a number of processes within the 
DOLY model (standard version) have been tested under specific conditions in 
Woodward et al. (1995) and found to compare favourably with field 
observations under the same conditions. It is presumed therefore that the model 
predictions should provide a reasonable representation of reality. Secondly, it 
would be extremely difficult to obtain any suitable field data to cross-check with 
these particular modelled data as there would be considerable variation in values 
between different species and experimental conditions. A number of experiments 
to specifically test the model output would be required for each biome. Finally, 
the same type of problems arise when comparing with other models in that they 
are often run with different input data or on different temporal or spatial scales 
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This chapter has shown that there is a variety of responses of the output 
variables to the climate input variables. This sensitivity analysis has 
highlighted the sites that will be most vulnerable to climate change, notably 
the northern boreal site, the grassland site and the dry deciduous site and has 
been shown to be mainly due to water limitations. C02 alone does not have a 
major effect on the output variables for the sites, compared to those effects 
caused by the climate inputs. However, C02 in conjunction with changes in 
these climate inputs, as part of a climate change scenario, becomes a major 
factor. This is due to the interactions between precipitation, temperature and 
assimilation, as discussed. The DOLY model has been run beyond its normal 
operating range, and the results have shown that it is able to model reasonably 
a wide range of climate scenarios. 
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CHAPTER 5 
5.0 Global functional types derived from the 
DOLY model and a life-form model for use in 
climate change analysis 
5.1 Introduction 
It is well known that the world's vegetation has a major impact on the 
operation of the biosphere, biogeochernical fluxes and climate (Dickinson et 
al., 1986; Melillo et al., 1993). Foley and co-workers (1996) state that many 
general circulation models (GCMs) represent the biophysical associations 
between the earth's surface and the atmosphere using land surface models (e. g. 
BATS of Dickinson et al. (1986) and SiB of Sellers et al. (1986,1992,1996a, 
b, c)). They also state that such models operate globally with vegetation and 
soil characteristics geographically predefined, but by doing this potential 
changes in vegetation cover can be overlooked which in turn can significantly 
alter the climate system (e. g. Bonan et al., 1992; Foley et al., 1994; Henderson- 
Sellers and McGuffie, 1995; Randall et al., 1996). 
For many ecological modellers, vegetation maps are used to provide 
initial data rather than an end product. These data are translated into a variety 
of structural and physiological attributes for entry into biosphere models 
(Melillo et aL, 1993; Sellers et aL, 1994; Field et aL, 1995). This approach 
makes the implicit assumption that current vegetation is in equilibrium with 
current climate, in other words, there is no time-lag in the system between 
vegetation and current climate. Also, if projections of future vegetation are to 
be made one needs to ensure that different perhaps novel biomes (units of 
vegetation) are able to emerge in the future, as well as considering the dynamic 
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successional nature of natural ecosystems. This is not possible with many of the 
biosphere models mentioned earlier. Another problem that exists is that the 
nature, timing and extent of disturbances in vegetation is poorly understood. 
Over the years there have been a number of attempts to classify global 
vegetation. K6ppen (1936) and Holdridge (1947) used precipitation, 
temperature and evapotranspiration as selection criteria to predict biomes. 
Several classifications have been derived from a combination of historical 
climate and ground survey. These are well summarized by Prentice (1990). 
It is not possible to look at each individual species globally as there 
have, in fact, been very few species studied and data on species response to 
environmental change are not available (Woodward, 1996). In order to avoid 
this problem, plant functional types may be used (Smith et al, 1996). A 
functional type (FT) is defined as a type of plant with particular morphological, 
physiological and life cycle attributes, irrespective of its taxonomic 
classification, suitable for predicting responses to environmental change (Smith, 
et aL. 1993). In the past, functional types have been related to specific plant 
features for instance, their height, or LAI, with the assumption that such 
characteristics are coupled with their ability to survive a hostile environment. 
Box (198 1) introduced a dominance hierarchy of plant growth forms or 
functional types (e. g. tree, shrub, etc. ) and provided more detail on the climate 
variables used. More recent work has been undertaken by Woodward (1987) 
who builds on these ideas in order to derive leaf area index (LAI). Leaf area 
index provides a simple measure of plant canopy density and is widely used in 
land surface characterizations, as well as for estimating canopy energy and 
mass exchange processes. Accurate representations of LAI and climate are 
required in order to estimate biosphere fluxes. In addition, net primary 
productivity (NPP) provides useful information about vegetation biomass, and 
Lieth (1975) was one of the first to produce a global map of NPP from a 
regression equation driven by climatic data. 
The ecosystems of the world can be divided into a small set of biomes 
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each characterized by the dominance of one or more functional types of plant. 
Biomes are units of vegetation or assemblages of plant functional types 
(Prentice et aL, 1992). They are based primarily on physiognomy, not floristics, 
and secondarily on climate (Grabherr & Kojima, 1993). Environmental 
conditions (both the physical environment and other competing plant types) 
control the geographical distribution of a dominant plant functional type 
(Haxeltine and Prentice, 1996). 
The land cover dataset of Wilson and Henderson- Sellers (WHS, 1985) 
is one of a number of land-cover datasets used by both ecological and climate 
modellers. In this datas 
' 
et the land cover classes are of actual vegetation 
obtained from a variety of sources and at a spatial resolution of 10 by 10. Fifty- 
three possible land cover classes divide global vegetation on the basis of 
attributes important in climate modelling studies, such as vegetation height, 
seasonality and ground cover. These are further reduced by WHS to 24 classes, 
which are equivalent to biomes. Each land cover class contains one or more 
land types. The 24 land types in the WHS dataset can be further divided into 5 
major groups of functional types consisting of tree, shrub, grass (or non- 
woody), crops and non vegetation. In this thesis, the term, life-form, has the 
same definition as functional type. 
This chapter describes an approach to predicting dominant functional 
type change at the global scale, with particular reference to changes in tree 
distribution. Values of NPP and LAI for a given site from the DOLY model are 
used as input into a life-form model, a type of patch model of interacting 
functional types. The functional types predicted by the life-form model can be 
mapped globally for current vegetation. Tree physiognomy can be further sub- 
divided on the basis of absolute minimum temperature (Woodward, 1987). 
Future dominant functional types can also be predicted by using climate change 
scenarios. Specific areas can be studied in more detail and in this chapter the 
boreal forest-tundra boundary is examined as a case study. 
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This chapter has three main objectives: 
i) to display the output from the life-form model; 
ii) to show how this output can be used in climate change analysis. 
iii) to develop the model 
5.2 Description of the life-form model 
The model described here uses the LAI and NPP from any location to 
predict the outcome of a simple competitive regeneration between three basic 
life-forms, trees, shrubs and grasses. 
Bare ground, grass, shrub and tree are the four compartments of the life- 
form model. In GCMs, the amount of bare ground affects hydrological 
processes and energy fluxes. As LAI increases, the amount of bare ground 
decreases, which reduces irradiance at the ground surface. Transfers between 
most, but not all, of the compartments are possible and transfer coefficients have 
been derived to be appropriate for each life-form (see Appendix 3 and Table 
5.1). These transfer coefficients have been based on field observations of life- 
forms and their growth characteristics (Woodward, 1987). 
Table 5.1 Transfer coefficients for the compartment model (Figure 5.1) of 
life-form spread. 'Controls on coefficients'-Leaf Area Index (LAI) and Net 
Primary Productivity (NPP)-describes what controls are used to define the 
life-form specific dynamics of growth. 
Coefficients Life-form change Controls on 
coefficients 
AO, l Grass to bare ground LAI 
AO, 2 Shrub to bare ground LAI 
AO, 3 Tree to bare ground LAI 
Al, O Bare ground to grass NPP 
A2,0 Bare ground to shrub NPP 
A3,0 Bare ground to tree NPP 
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The coefficients have been calculated for modelling the establishment and 
mortality of the three main life forms. The cover of each life-form can be 
determined at any time by using the transfer coefficients to calculate its cover 
relative to bare ground (see Figure 5.2). The arrangements of the 
compartments and the modelled transfer coefficients are shown in Figure 5.1. 
Ground 
AI)O AO, AO, 2 
AOl A3,0 
G ass Tree 
ýA2,0 
Shrub 
Figure 5.1 Compartment life-form mode. Ax, y (where x and y range from 0 to 
3), indicate transfer coefficients between the compartments which are allowed 
in the model. 
The descriptions and basic controls of the transfer coefficients (Table 
5.1) indicate that LAI and NPP are used throughout. In this model, the growth 
of shrubs benefits from low values of LAI and NPP. If NPP and LAI then 
increase in value this favours grasses initially, and then finally trees. These 
progressions have been devised from earlier and other work (Woodward, 1987; 
Melillo et al., 1993). 
The changes in the relative cover of trees, shrubs and grasses over a 
typical 50 year period are shown in Figure 5.2, for a site with a potential LAI 
of 5,, and NPP of 5 tC ha-1 yr-1. In this example, the greatest cover of grasses 
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and shrubs occurs after 5 years but then decrease as trees become the dominant 
life-form covering bare ground. In the Woodward and Lee (1995) paper the 
relative LAI and NPP 'spaces' of the three life forms are shown. These depict 
the dominance of shrubs in low NPP environments, the dominance of grasses in 
higher NPP environments and the increasing dominance of trees with increasing 
LAI. Increasing LAI causes the presence of trees to increase due to simulated 
shading effects by the tree on the grasses and shrubs (Woodward and Lee, 
1995). 
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Figure 5.2 The dynamics of life form cover over a period of 50 years with a 
constant ceiling leaf area index (LAI) of 5 and net primary productivity (NPP) 
of 5 tC ha-I yr-I . 
5.3 Methods 
In order to determine the current global Vegetation distribution in the 
form of the four main functional types of bare ground, grass, shrub and tree, 
the DOLY model (standard version) (see section 2.3) was driven with HASA 
(International Institute for Applied Systems Analysis) data (Leemans and 
169 
Cramer, 1991) for a 0.50 by 0.51' global grid for the current climate. In 
addition, the model was also run with slab data from the United Kingdom 
Meteorological Office (UKMO) general circulation model (GCM) (for details 
of this dataset see Chapter 6) on a 2.5" by 3.75" global grid for the current and 
future climate scenarios. The predicted values of NPP and LAI were then input 
into the life-form model which was run over a 50 year period in order to obtain 
the percentage cover of the four functional types. 
The tree category was sub-divided into four groups by the use of 
absolute minimum temperature thresholds, as shown in Table 5.2 (Woodward, 
1987). An additional tree category, drought-deciduous tree, was derived from 
the evergreen tree category by determining the number of days in the year 
when the soil water content was below field capacity (0. IS g water (g soil)- 1). 
The model records when this occurs. If this number exceeded 100 days then the 
tree type was classified as drought-deciduous, instead of evergreen. This 
threshold was selected by observing that the actual global distribution of 
drought-deciduous trees (Archibold, 1995), closely matched the areas where 
there were more than 100 days in the year below field capacity. 
Table 5.2 Absolute minimum temperature thresholds used to sub-divide the 
tree categories within the life-form model (Woodward, 1987). The absolute 
; L- minimum temperature is calculated in the DOLY model from the mean 
temperature using empirical formulae supplied by Dr. Tom Smith, Department 
of Environmental Sciences University of Virginia. 
Tree Type Absolute Minimum Temperature Range ('C) 
Evergreen > -15 
Cold deciduous -15 to -40 
Coniferous evergreen -40 to -55 
Coniferous deciduous <-55 
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The functional type with the greatest coverage was extracted for 
eachgrid square. In some cases there was an under-representation, by a visual 
comparison with the global vegetation map (Archibold, 1995), of shrubs and 
grasses using this approach. In order to overcome this problem, additional 
criteria were adopted, as shown in Table 5.3 a. 
Table 5.3a The additional selection criteria used within the life-form model for 
the shrub and grass category if they are not initially selected as the dominant 
functional types. 
Criteria Dominant functional type 
1. The bare ground coverage exceeds 50% but Shrub 
more than 30% of the grid square is shrub 
or there is no overall dominant functional type 
2. Grass coverage is less than the bare ground Grass 
coverage but exceeds the coverage of the other 
categories 
The resulting functional type map is shown in Figure 5.3 a. The same 
procedure was adopted with the WHS data (WHS, 1985) which are on a I" by 
10 grid. WHS suggested 24 land types as a simplification of their original 53 
land cover types. These land types from WHS (1985) were then allocated a 
functional type for this comparison. These are shown in Table 5.3b, and Figure 
5.3b shows the map produced from these functional types. 
To check the performance of the life-form model, a difference map was 
created between the dominant functional types from the life-form model 
obtained using the HASA climate data as input (transformed to a10 by 10 grid) 
and the simplified WHS land type data. The HASA data were used to do this as 
they are derived from actual mean data over a 30 year period and have not been 
derived from a GCM. This gives an independent check to the life-fonn model 
output. In addition to this, the DOLY model was run with the GCM slab data 
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for current and future climate scenarios, and again functional types were 
extracted (Figures 5.4 to 5.7). 
Table 5.3b Functional type allocation for each of the 24 land types in WHS 
(1985). The bare ground category covers all non-vegetated surfaces. 
Type Description Functional type allocated 
I Water Bare ground 
2 Ice Ice 
3 Inland lake Bare ground 
4 Evergreen needleleaf tree Tree 
5 Evergreen broadleaf tree Tree 
6 Deciduous needleleaf tree Tree 
7 Deciduous broadleaf tree Tree 
8 Tropical broadleaf tree Tree 
9 Drought deciduous tree Tree 
10 Evergreen broadleaf shrub Shrub 
11 Deciduous shrub Shrub 
12 Thom shrub Shrub 
13 Short grass and forbs Grass 
14 Long grass Grass 
15 Arable Crop 
16 Rice Crop 
17 Sugar Crop 
18 Maize Crop 
19 Cotton Crop 
20 Irrigated crop Crop 
21 Urban Bare ground 
22 Tundra Shrub 
23 Swamp Bare ground 
24 Soil Bare ground 
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The tree cover was studied for the current and future climate and a 
more detailed analysis was carried out for the area north of 55*N to examine 
the boreal forest-tundra boundary and the probable shifts in this boundary 
with a future change in climate. The limit of 55*N was selected as the bulk of 
the world's boreal forest is north of this latitude (Pastor and Mladenoff, 1992; 
Barbour and Billings, 1988). It also aided data extraction to have a set latitude 
limit. 
5.4 Results 
5.4.1 Comparing the model results with the WHS dataset 
Figure 5.3a shows the functional types derived from the life-form model. 
Figure 5.3b shows the functional types derived from the WHS data (Table 5.3b) 
which includes the additional categories of ice and crop. The difference map 
between the WHS land cover types and the functional types derived from the 
life-form model is shown in Figure 5.3c (ice is set as bare ground). This map 
highlights areas where the life-form model was deficient in its predictions 
compared to the WHS data, as well as those areas where it performed well for 
the present-day climate. The land cover categorised from the WHS dataset 
(1985) was assessed for reliability by Wilson and Henderson-Sellers (1985) 
themselves. They state that North America, most of Europe, the Middle East, 
U. S. S. R. and much of the African continent have a high reliability score. This 
high reliability was indicative of very recent source of data or a change of less 
than 2.5% at the national scale since the date of publication of the map source 
data. The areas with the lowest reliability were Central and South America, 
along the south-west coast of northern Africa, Rwanda-Burundi, Uganda, the 
Philippines, Thailand, Mongolia and Syria. These areas need to be considered 
when examining the difference map. Also, due to interpolation, and some 
subjective assessment of the data archives used, errors in other areas may also 
have arisen (Wilson and Henderson-Sellers, 1985). 
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The main areas of difference arise in agricultural areas where DOLY 
predicts mainly grass or tree. Also shown well, are areas which have been 
disturbed either by Man's activities or by fire. These areas, such as savannah 
regions would have been covered in trees but are, in fact, grass. 
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Figure 5.3a Functional types derived from DOLY (standard version) and the 
life-form model run with HASA climate data transformed to aPxP grid. 
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Figure 5.3b Functional types defived from the WHS land type data (see Table 
5.3b) 
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Figure 5.3c This map shows for each P by P cell, the difference between the 
functional types of vegetation given by the vegetation model, DOLY (standard 
version) and the observed primary functional type in the database of current 
vegetation type produced by Wilson and Henderson- Sellers (1985). Thus 
agricultural regions are picked out as areas where the WHS database gives 
crop (pink). Some of the areas categorized as tree by the DOLY model, but are 
in fact grass according to WHS (Tree-Grass), highlight the problems in 
predicting mixtures of trees and grasses in vegetation types such as savannah. 
Also, the effect of Man's activities mean that in some regions where DOLY 
predicts tree as the natural vegetation it is in reality grass due to forest 
clearance and grazing influences. The change category highlights those areas 
where the DOLY model and WHS disagree (excluding the Tree-Grass 
category). 
173 
The vegetated cells alone were extracted to quantify some of the 
differences shown in Figure 5.3. The number of sea cells and non-vegetated 
cells (i. e. those cells which are set as bare ground) as well as the crop cells 
were totalled and subtracted from the global total in order to obtain the number 
of vegetated cells. The number of cells in each difference category were then 
analysed. The results are shown in Table 5.4. 
Table 5.4a The distribution and categorization of I' xP cells derived from 
the WHS (1985) land cover map. 
Category Number of cells 
Sea and Antarctica 49190 
Land (excluding Antarctica) 15610 
Total number of land and sea cells (1' xP grid) 64800 
Crops 2005 
Non-vegetated 3793 
Natural Vegetation 9812 
Total number of land cells 15610 
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Table 5.4b The number of naturally-vegetated cells within the functional type 
(FT) difference categories between the DOLY model and the WHS dataset. 
DOLYFT WHS FT Number of cells Percentage of 
all land cells 
Agree (no Agree (no change) 4861 50 
change) 
Bare Ground Tree 107 1 
Bare Ground Shrub 151 2 
Bare Ground Grass 339 3 
Grass Tree 378 4 
Grass Shrub 1140 12 
Shrub Tree 940 9 
Shrub Grass 0 0 
Tree Shrub 0 0 
Tree Grass ME 12 
Total 9812 ID-Q 
It is evident from Table 5.4b that only 50% of the cells agreed in this 
analysis. However, as was stated earlier, a number of cells have been disturbed 
by human activities and fire, and these in the main are represented by the Tree to 
Grass category. If these cells are added to those that agree, then this increases the 
percentage value to 69%. The main categories of disagreement (after the Tree to 
Grass category) include those where DOLY has predicted grass and WHS has 
recorded shrub (12%), and those where DOLY has predicted shrub when in fact 
it is tree (9%) according to WHS. These two categories account for 21% of all 
the land cells. Some possible reasons for these disagreements include: 
i) An overestimation of grasses and shrubs. 
In section 5.3 it was mentioned that the DOLY model initially under- 
represented shrubs and grasses and the selection procedure had to be altered to 
account for this. In this situation this adjustment may have been too great and 
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allowed too many grasses into shrubland areas (WHS) or shrubs into areas where 
there should be trees according to WHS. From Figure 5.3c it can be seen that 
many of the differences that do arise between the two datasets occur in and areas 
(e. g. central Australia, northern savannah regions of Africa, southern Africa and 
eastern Brazil). These particular areas are difficult to classify and the vegetation 
may be mixtures of shrubs, grasses, or bare ground. This suggests that DOLY 
has overestimated the amount of grass for some of these areas, and in some cases 
WHS has recorded shrub instead of grass. In Alaska and north-westem Canada 
there is another area of difference (Figure 5.3c). In this case DOLY appears to 
have predicted shrub instead of tree for part of the boreal forest. 
ii) DOLY may be correct and WHS incorrect. 
In some cases the DOLY model may have made a correct prediction and 
the WHS dataset is incorrect for some cells. These cells are hard to identify, but 
some may be along the south-west coast of North Africa or Mongolia which are 
areas where the WHS data were unreliable (Wilson and Henderson-Sellers, 
1985). 
This exercise has been a rather crude examination as to the level of 
accuracy of the ftmctional types output from DOLY and the life-form model. It 
does show, though, that despite some errors within the WHS dataset itself, 
global vegetation, in terms of functional types can be represented reasonably 
well (almost 70% agreement if savannah regions are included ). 
5.4.2 Prediction of dominant functional types under future climates 
(slab GCM) 
The DOLY and life-form models were run with GCM slab data for three 
different scenarios in order to obtain some indication of the possible movement 
of dominant functional types with climate change, and to determine whether the 
concentration Of C02, or temperature and precipitation were the dominant factors 
driving this change. The slab GCM data for current climate 
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(I X C02 ) and a doubled climate (2 x C02) were used. The doubled-C02 
climate is that for a future climate 50 years from the present. This means that the 
temperature is increased by about 2"C (with greater warming at high latitudes, 
(Sud et al., 1990)) and the precipitation increased by 10%. The DOLY model 
was run with two partial pressures Of C02,35 Pa for the current climate, and 56 
Pa for the future climate. The GCM operates on what is called effective C02. 
This is also referred to as C02 equivalent, and is calculated by adding the heating 
effect of the other trace gases within the atmosphere to the actual C02 
concentration. Equivalent C02 concentration, therefore, has a higher value than 
the actual atmospheric C02 as used by DOLY. One particular problem that arises 
with the slab data is that the grid squares are so large (2.5* x 3.75*) that they 
miss much of the detail that would be provided by a I" x I* grid. However, the 
DOLY model is quick to run at this resolution and it does provide an indication 
of future global trends in vegetation. Figure 5.4 shows the functional types 
predicted for the current climate with a C02 input of 35 Pa. It can be seen how 
the main biomes of the world are represented by these dominant functional 
types. For instance, the regions with tropical forests are depicted as evergreen 
broadleaf tree and tundra is represented as shrub. It should be noted that at this 
particular stage in the model development, grasses were only been crudely 
defined in relation to NPP and LAI, and there is no division between C3 and C4 
grasses. This accounts in part, for the fact that the map does not show the 
temperate grasslands of the world very well, with just a few grass cells 
representing the American prairies and the Russian steppes. It does however 
show some of the Pampas grasslands of South America. The savannah areas, 
such as the northern edges of the African rain forest, and parts of northern and 
central Australia, can be clearly seen and are depicted as either grass or drought- 
deciduous trees. The reason for the lack of grass in some of these areas, for 
instance, parts of South America and the Russian steppes, could be attributed to 
the fact that the slab precipitation data are too low in these areas (see Figure 7.3 
and Table 7.3), thus permitting the shrub or bare 
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Figure 5.4 Functional types derived from DOLY and the life-form model for 
current climate as simulated with the UK Meteorological Office high resolution 
(slab) model. The abbreviations used are as follows: BG is bare ground, GR is 
grass, SH is shrub, CD is coniferous deciduous tree, CE is coniferous 
evergreen tree, DC is cold deciduous tree, DD is drought deciduous tree, and 
EV is evergreen tree. 
ground category to cover more of the ground area and being labelled as the 
dominant type. Alternatively, or in addition, the classification of the dominant 
type may be underestimating the amount of grass and perhaps should reduce 
the amount of bare ground in these areas which may then increase the grass 
coverage. The prairies in America are depicted as cold deciduous tree instead 
of grass which suggests that the slab precipitation is too high in this particular 
region. This is supported by data from Table 7.3, that show that the slab GCM 
data were cooler and wetter for sites in eastern and central southern America 
than the data from the HASA dataset. This would mean that trees would have 
an advantage over grasses in the life-form model. Also, the life-form model was 
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able to predict grass with the IIASA data input for the American prairies, so 
this also tends to suggest that the slab precipitation data are rather high in this 
region. Despite the limitations of the slab data, it is possible to define broadly 
most of the major biomes of the world such as the boreal forest, tundra, 
temperate deciduous forest and equatorial rain forest for the present-day and to 
use this knowledge, together with the future projections of climate, to ascertain 
the possible movement of these biomes, or at least their characteristic 
functional types of plants, in response to changes in climate. 
Having considered the model predictions for the current vegetation we 
can now turn to the results for the three scenarios. The scenarios performed are 
as follows: 
i) increase the atmospheric C02 partial pressure to 56 Pa in DOLY and 
run with the present-day slab climate data. This simulates the effect of 
C02 alone on the functional types (Figure 5.5). 
ii) change the climate with no change in the atmospheric C02 used to 
run the DOLY model. This simulates a warming scenario of 
approximately 2C and a 10% increase in precipitation with no 
difference in the atmospheric C02 partial pressure of 35 Pa (Figure 
5.6). 
These two scenarios are sensitivity tests on the model. The final scenario is a 
simulation with change in climate and C02 partial pressure. 
iii) both the climate and atmospheric C02 value were changed so that 
there was warming and increased C02. This simulates a scenario that is 
likely to occur towards the middle of the 21 st century when the actual 
atmospheric C02 is expected to be close to 56 Pa (IPCC, 1992) 
(Figure 5.7). 
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Figure 5.5 Functional types under current climate as simulated with the UK 
Meteorological Office high resolution (slab) model but with the C02 
concentration increased from 35 to 56 Pa. 
It should be stressed that the aim of this exercise was to ascertain the amount 
of influence Of C02 on the different functional types in a climate change 
situation, and to show the change in the distribution of these functional types 
with a given climate change. In addition to warming alone, the slab data for a 
doubled-C02 climate also includes simulations from interactions between 
precipitation, humidity, cloud cover and other greenhouse gases due to this 
warming. 
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Figure 5.6 Functional types after a period of 50 years of global warming 
(+ 2'C, + 10% precipitation) but no increase in C02 partial pressure. 
Figures 5.5,5.6 and 5.7 show the new distributions of the functional 
types. Figure 5.5 shows that an increase in C02 has little impact globally on 
functional types, though there are interesting regional effects. For instance, in 
Angola, Zambia and Mozambique the functional type alters from drought 
deciduous tree to evergreen tree. In Argentina, the shift is from bare ground to 
grass, and, in a couple of cases, from grass to evergreen trcc The increases in 
the western U. S. A are for changes from, either grass or shrub, to cold 
deciduous tree, and, in northern China from bare ground to grass, or from grass 
to cold deciduous tree. Australia also sees a spread of grass at the expense of 
bare ground. A small number of cell changes occur in central Asia, and the 
main changes are for a change from grass to shrub, or vice versa, depending on 
water availability. It would appear, therefore, that increased ('02 leads to 
greater water use efficiency in more arid areas and to a change firom a 
functional type such as bare ground to grass, or from drought deciduous tree to 
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evergreen broadleaf tree. In the colder wetter areas, the increased C02 leads to 
a change in functional type from grass to shrub, or from shrub to tree. Figure 
5.6 shows the effect of warming but with no change to C02. The most 
noticeable changes are the spread of cold deciduous trees northeastwards in 
northern Asia, replacing the coniferous evergreen trees and also the same shift 
moving northwestwards in northern Canada. In addition to these movements 
there is also a spread westwards of drought deciduous trees in northern Brazil 
replacing the evergreen broadleaf trees. Australia becomes more and with grass 
being replaced by shrub or bare ground. Also there is a marked shift from 
evergreen broadleaf tree to bare ground along the coast from Venezuela to 
Brazil. This is almost certainly a feature of the slab model. These changes are 
to be expected in a warmer world where there is likely to be greater 
evapotranspiration leading to increased water loss in and areas, and in the 
cooler, wetter regions such as in the high latitudes, trees are able to move into 
areas previously occupied by grass or shrub, due to the benefits of higher 
temperatures. Figure 5.7 shows the situation when both the C02 and climate 
are changed. 
182 
J6. I% 
zu GR SH 
CD CE Du DE EV 
' III 
Figure 5.7 Functional types atter a penoa or : )v yea, s vi givual vvai ijuluLE, 
(+ 2'C, + 10% precipitation) and an increase in C02 concentration 
from 35 to 
56 Pa. 
At first glance, Figures 5.6 and 5.7 are very similar 
but on closer 
inspection some differences become evident. For instance, 
in and areas such as 
central Australia and the northern savannah region of 
Africa (Figure 5-7), 
where grass was replaced by bare ground with warming, these effects 
have 
been offset slightly by increased C02. Also, in some cells 
in the western 
U. S. A., shrub has been replaced by grass with C02 and warming, 
but by cold 
deciduous trees with warming alone. The prairies are not predicted 
by the 
model partly due to the relatively high slab precipitation 
data for this region, 
but these results from the model also suggest that disturbance 
by fire or 
occassional drought is necessary to maintain grassland. 
To summarise, it 
appears temperature is the dominant component of this particular climate 
change scenario and that its influence far outstrips that of the 
C02 (compare 
figures 5.5,5.6 and 5.7). The increased precipitation does not appear to 
be 
sufficient to counteract the increased evapotranspiration caused 
by the higher 
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temperatures. Carbon dioxide can have a moderating influence, in regions that 
suffer from drought by improving the water use efficiency of the vegetation. 
The next section of this chapter investigates how tree cover and 
distribution change for the same scenarios as used in this section. 
5.4.3 Climate change simulation of the cover and global distribution of 
trees. 
The map of predicted current-day distribution of tree cover (Figure 5.8) 
was derived from the life-form model, which outputs the percentage cover of 
the four main functional types. From this output the percentage coverage for 
trees was extracted and plotted. The same errors arise as those with the 
dominant functional type, such as problems with the simulation of climate, and 
the assumption that the world's vegetation is completely natural, with no 
agricultural conversion included, as was mentioned in section 5.4.1. Woodward 
and Lee (1995) compared the model projections of percentage tree cover with 
the values derived from WHS for the same pixels. They found that 80% of the 
pixels were within ± 10% range of tree cover, which suggested that the major 
global patterns of tree cover were in good agreement. There were however 
marked regional differences in the projected cover. Looking at Figure 5.8 one 
can see how the greatest coverage of trees is in the tropics with values reaching 
90%, cold deciduous forest has a coverage of around 40 to 50% and the boreal 
forest less than 30%. This map may be compared with Figure 5.9 which shows 
the actual distribution of global forests. It can be seen that the tropical rain 
forest in Africa is not as extensive as suggested by the model and that there is, 
in fact, very little forest outside the tropical rain forest areas in both Africa and 
South America. The forest map ignores savannah, but dense savannah could be 
classified as forest. The boreal forest and temperate forest regions appear to 
have been reasonably defined by the model but trees are shown in southern 
China where very few remain due to human conversions to agriculture. 
184 
0A ýmýFM 
0 10 20 30 40 50 60 70 30 90 
Figure 5.8 Present-day distribution of tree cover (%) as simulated with the UK 
Meteorological Office high resolution (slab) model. 
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Figure 5.9 Global map of the distribution of forests. Tropical forest areas are 
depicted in green and temperate and boreal forests in purple. 
Source: World Conservation Monitoring Centre (WCMC), Cambridge. 
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The same scenarios that were used for the functional type analysis were 
used to determine tree cover and the results are shown in Figures 5.10 to 5.12. 
The first scenario keeps the present-day climate but the atmospheric C02 
within the model is increased from 35 to 56 Pa. The tree cover is calculated for 
50 years of development under the current climate. With C02 enrichment alone 
(Figure 5.10), tree cover increases in southern Africa, eastern China, parts of 
central North and South America by around 10 to 30 percentage points, with 
some cells as high as 40 percentage points. In most cases the change in tree 
cover tends to be small (+/- 10-20 percentage points). 
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Figure 5.10 The change in global tree coverage (%) with an increase in 
atmospheric C02 from 35 Pa to 56 Pa over a period of 50 years. Positive 
values represent cells that have a higher percentage tree cover with elevated 
C02 than with the current climate. Negative values represent cells where the 
reverse is true. 
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Figure 5.11 The change in global tree coverage (%) after a period of 50 years 
with an increase in temperature and precipitation ( 2'C and + 10% 
precipitation). Positive values represent cells that have a higher percentage tree 
cover with global warming than with the current climate. Negative values 
represent cells where the reverse is true. 
Figure 5.11 shows the change in tree cover with the climate changes but 
with no C02 increase. Trees increase by the order of 10 to 30 percentage 
points in the boreal regions of both North America and northern Asia at the 
expense of shrub. This will lead to changes in the surface albedo (reflectivity) in 
these high latitudes as shrubs and bare ground have high winter albedos when 
covered by snow and trees have lower albedos even after snowfall. This means 
that the boreal regions are likely to experience further warming with greater 
absorption of solar radiation as trees spread northwards (Foley el al., 1994; 
Bonan el al., 1992; Betts el al., 1997). In the warmer regions of the world, 
trees also increase and this is associated with the increase in precipitation in 
western China, Angola and Zambia. Elsewhere, there are decreases in tree 
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cover, because warming increases evapotranspiration, which is not offset by 
increases in precipitation. For instance, in Mozambique and along the coast 
from Venezuela to Brazil in South America there are decreases of 10 to 40 
percentage points. These differences also occur in these areas when C02 is 
included as well (Figure 5.12). 
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Figure 5.12 The change in global tree coverage (%) after a period of 50 years 
with an increase in temperature and precipitation (2'C and + 10% 
precipitation) and elevated C02 (from 35 Pa to 56 Pa). Positive values 
represent cells that have a higher percentage tree cover with the climate change 
scenario than with the current climate. Negative values represent cells where 
the reverse is true. 
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In most cases the climate effect is dominant over the C02 effect, but in a few 
cells, C02 moderates the effect of climate. For example, in northern Australia 
some cells show increased tree cover from the increased temperature and 
precipitation, but with increased temperature, precipitation and C02 there is no 
change in tree cover. 
5.4.4 A case study-the boreal forest-tundra boundary 
Many authors (Bonan et el., 1990,1992; Shugart et al., 1986; Solomon, 
1986; Lenihan, 1993) have suggested that the area likely to be affected most by 
climate change is the boreal forest, and particularly in the transition zone 
between boreal forest and tundra. From the work carried out in the previous 
section and from an examination of Figure S. 12 it can be seen that there is an 
increase of tree cover both in Canada and the former U. S. S. R. with C02 
enrichment and elevated temperature. From Figure 5.7, this can be linked to the 
spread of coniferous deciduous trees, coniferous evergreen trees and temperate 
deciduous trees into shrub areas. In order to quantify these changes, the area 
north of 55'N was examined and the number of cells with each functional type 
was calculated for each scenario. The area for a 2.5' x 3.751 cell between 
60'N and 70'N is about 53,000 km2,, and this area decreases with latitude. The 
most northerly cell in the slab dataset occurs at latitude 82.5'N. Shrub was 
classified as the tundra biorne, and coniferous evergreen added to coniferous 
deciduous tree, to create the boreal forest biome. Table 5.5 shows the results of 
the three different climate scenarios for the boreal forest and tundra alone and 
Table 5.6. for all the functional types 
Table 5.5 shows how the tundra and boreal forest categories change 
with climate change. The tundra actually benefits' from C02-enrichment but is 
reduced by just under a third with warming and with climate change. The 
boreal forest cover increases by about a fifth with climate change but is reduced 
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with elevated C02 alone, which affects the coniferous evergreen trees (see 
Table 5.6). 
Table 5.5 The changes in the number of cells north of 55"N for the boreal 
forest-tundra boundary with change in climate and C02- 
Biome Current Elevated C02 Warming Elevated C02 
Climate & warming 
Tundra 164 170 114 116 
Boreal Forest 45 40 58 58 
There are fewer cells covered by boreal forest and tundra in total after 
climate change due to the fact that temperate deciduous trees have replaced 
some of the boreal forest on its southern edges, as well a few of the tundra 
cells. 
Table 5.6 shows that coniferous evergreen trees increase from the 
present-day coverage with warming but decrease with C02-enrichment. The 
combined effect is the same as with warming alone and there is an increase. 
Coniferous deciduous tree cover decreases with both warming and climate 
change but there is no change in the cover with C02 alone. C02 appears to 
have no effect on the broadleaf deciduous trees in the region but warming and 
C02 cause almost a trebling in the cover. Shrubs increase slightly with elevated 
C02 but decrease with both warming and climate change by about the same 
amount. 
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Table 5.6 The number of cells (2.5' x 3.75") north of 55 IN for each 
functional type and for each scenario of increased C02 alone, warming alone 
and climate change. 
Functional Current Elevated Warming Elevated 
Type Climate C02 C02 & 
warming 
Bare Ground 250 250 243 243 
Grass 1 0 1 0 
Shrub 164 170 114 116 
Trees: 
Coniferous Deciduous 19 19 15 15 
Coniferous Evergreen 26 21 43 43 
Broadleaf Deciduous 14 14 57 56 
Broadleaf Evergreen 0 0 1 1 
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5.5 Discussion 
This chapter has shown how it is possible to model, in two stages, the 
movement of dominant functional types with changes in climate and C02 
concentration. This has been achieved using the LAI and NPP for a site and in 
a life-form model, to predict changes of tree, shrub and grass over a 50 year 
time-scale. Errors have arisen in areas where the slab GCM input data have 
been inaccurate but also in comparison with the present-day map of current 
vegetation. It has therefore been difficult to ascribe errors due to the vegetation 
model itself, due to the input to the model or due to errors in the current 
vegetation standard. 
Despite these problems this approach has shown how tree cover varies 
with changes in climate and the atmospheric C02 concentration. Warming 
alone has the greatest effect leading to the spread of trees into tundra regions, 
as shown by the case study. However, although C02 does not have much of an 
impact on its own, its effect is greater in combination with climate change. This 
is due to interactions between C02 and climate which affect stomatal 
conductance, photosynthesis and nutrient uptake (Woodward et al. 1991). 
Changes in the distribution of trees and their coverage are likely to 
affect the global climate through albedo changes, particularly winter albedo in 
regions with snow in the high latitudes leading to increased surface warming 
(Foley et al., 1994). In the tropics, greater numbers of trees will lead to an 
increase evapotranspiration and to an increase in cloud cover. This, in turn, 
will lead to increased precipitation and lower surface temperatures. 
The life-form model operates on the basis that it is possible for a 
functional type to move anywhere in the world. These movements are 
theoretically possible but obviously in the real world, human influence will 
determine the actual spread, as will the actual ability of the trees to adapt to a 
new niche with a different daylength and growing season. There is no 
disturbance in this version of the model which means that the tree functional 
type occurs in grassland areas which are disturbed, such as the savannahs, as 
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well as in some areas where crops exist. Disturbance is an important process 
and more recent developments of the vegetation model have an element of 
disturbance within them, leading to a more accurate prediction of some 
present-day functional types. 
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CHAPTER 6 
6.0 Modelling the interaction between vegetation 6 
and climate through the use of a general 
00 
circulation model - an application of the DOLY 
model. 
6.1 Introduction 
The sensitivity analysis performed earlier in this thesis (Chapter 4) has 
demonstrated how climate can influence structural variables of vegetation, such 
as LAI, and functional variables, such as NPP. However, vegetation also 
influences climate itself, through interactions with the planetary boundary layer. 
The vegetated surface influences fluxes of latent and sensible heat, as well as 
shortwave and longwave radiation. Climate variables, such as precipitation, and 
temperature, together with evapotranspiration are the main determinants of the 
distribution of current global vegetation, as demonstrated by several authors 
(Woodward, 1987; Holdridge, 1947; Box, 1981). However, other factors, such 
as soils, fire occurrence, glaciation and human influences also need 
consideration. 
At the moment, very few general circulation models (GCMs) take 
account of any feedbacks that may be occurring between vegetation and 
climate. The work done in this field includes that by Claussen (1994,1996) 
who coupled the BIOME model (Prentice el aL, '1992) with the ECHAM 
model of the Max-Planck-Institut fur Meteorologie, and Sellers and co-workers 
(1996) who examined the effects of feedbacks on stomatal conductance for a 
doubled-C02 climate. Vegetation in most GCMs is, in effect, fixed in time. 
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This is an unsatisfactory situation, as a number of authors (Rowntree, 1988; 
Sellers et al., 1996; Henderson- Sellers et al., 1995) have demonstrated that 
climate is sensitive to the land surface cover in GCM simulations. Also, to 
simulate climate change effects accurately, there needs to be inclusion of an 
interactive global vegetation. This would also enable the prediction of future 
vegetation given a future climate. 
This chapter has a number of objectives: 
i) to demonstrate an application of the DOLY model in a GCM context; 
ii) to determine whether vegetation does, in fact, affect the climate of a GCM; 
iii) to determine the effect of climate change on values of LAI and NPP using 
the climate predictions from a GCM; 
iv) to determine the effect of climate change and vegetation feedbacks on a 
GCM climate. 
This chapter is the result of collaborative work with Dr. Peter Cox and 
Mr. Richard Betts of the Hadley Centre, part of the United Kingdom 
Meteorological Office (UKMO). They are members of the TIGER IV 3b 
consortium, which was funded by the Natural Environment Research Council 
(NERC). The division of work is shown in Table 6.1. 
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Table 6.1 Work undertaken by Professor Ian Woodward, Dr. Peter Nfitchell, 
Dr. Peter Cox, Mr. Richard Betts, and myself, Susan Lee, as part of the TIGER 
IV 3b consortium. The results from this work are presented in this chapter. 
Name Work undertaken 
Susan Lee, i) Supply of the DOLY model to the Hadley Centre. 
University of Sheffield 
Dr. Peter Cox, 
Hadley Centre. 
Mr. Richard Betts, 
Hadley Centre. 
Professor Ian 
Woodward and Dr. 
Peter Mitchell, 
University of Sheffield. 
ii) Discussion with Peter and Richard concerning the 
DOLY model's inputs and operation. 
i) Initial feedback runs with the DOLY model and the 
GCM. 
ii) Calculation of the vegetation parameters used by 
the GCM from the DOLY output variables. 
iii) Supply of vegetation feedback maps. 
iv) Supply of NDVI and LAI maps. 
i) Later feedback runs with the DOLY model and the 
GCM. 
ii) Supply of albedo and temperature maps for March 
Additional advice concerning the interpretation of the 
results from the model runs. 
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6.2 Model description 
The United Kingdom Meteorological Office (UKMO) Unified Forecast 
and Climate Model is a full Ocean-Atmosphere model. It has 19 vertical 
layers through the atmosphere; four soil layers; and 20 layers within the ocean. 
Additional information about this model and its response to increasing levels 
of greenhouse gases and sulphate aerosols is given in Mitchell et al., (1995). 
A more simplified climate version of this is the Hadley Centre atmosphere + 
mixed-layer ocean model (slab model), which is quicker and easier to run. The 
paper by Jones et al. (1995) contains more details of this particular model. 
This model can reach equilibrium in under 15 years and represents the ocean 
with a 50m-deep mixed layer, with thermodynamic interaction with the 
atmosphere and prescribed ocean currents. There is a coupling of the 
atmosphere and the ocean model, which allows a reasonable representation of 
the seasonal cycle. For the following study, the slab model runs with a low 
resolution of 5.0 degree latitude by 7.5 degree longitude (1728 cells globally). 
However, runs of the model at a high resolution (2.5 degree latitude by 3.75 
degree longitude) are also possible (6912 cells globally). There is a detailed 
description of the DOLY model in Chapter 2 and in Woodward et al. (1995). 
The standard DOLY version is used here. The results presented in this chapter 
are mainly for the low resolution data, but for additional results from the high 
resolution data see Betts (Ph. D. thesis in preparation) and Betts et al. (1997). 
This chapter concentrates on quantifying the feedback associated with the 
response of vegetation to the equilibrium climate for doubled-C02 
concentration. 
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6.3 Methods 
DOLY and the GCM were coupled by iterating between the two 
models. Both DOLY and the slab GCM perform simulations under steadyý-state 
forcing conditions, so it is possible to iterate between separate simulations by 
each model. This is termed asynchronous coupling. The output of one model 0 
becomes input into the other, as shown in Figure 6.1. 
DOLY 
Climate Soils data 
LAI, NPP 
Stomatal 
conductance 
C oupling algorithms 
General circulation Land surface variables 
model 
K 
Figure 6.1 The asynchronous coupling approach. The values of the land 
surface variables are estimated directly from the vegetation properties predicted 
by DOLY using the coupling algorithms. The DOLY model uses soil carbon 
and nitrogen data, whereas the GCM uses data on soil colour and texture from 
the WHS dataset (Wilson and Henderson- Sellers, 1985), as its soils data input. 
Before the coupling took place, there was a run of the DOLY model 
with the slab climate data to ascertain whether it was able to represent 
reasonably the LAI of the current vegetation. To do this, there was a visual 
comparison of the LAI. output by the DOLY model with a map of normalized 
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difference vegetation index (NDVI). This visual comparison was just intended 
to provide a rough indicator as to whether the DOLY model predicted the 
correct global pattern of LAI values, rather than focusing on the actual values 
themselves at this stage. The calculation of NDVI uses satellite data of red and 
infra-red longwave radiation. The amount of red radiance is inversely 
proportional to the amount of chlorophyll and is sensitive to green or 
photosynthetically active radiation (PAR). The near infra-red (NIR) band is 
sensitive to green or photosynthetically active (PA) vegetation and to a lesser 
extent dead or non PA vegetation The red and infra-red reflectance when 
ratioed as a normalized difference indicates the relative vigour of vegetation in 
relation to its chlorophyll concentration and leafiness. 
NDVI = (NIR-R)/(NIR+R) 
where 
(6.1) 
R is 560-680 mn (visible red band), with strong absorption by chlorophyll, and 
NIR is 725-1100 mn (near infra-red), which is not absorbed by chlorophyll . 
Figure 6.2 shows the LAI, as simulated by DOLY, and driven by slab 
data, on a 2.5 " by 3.75 0 grid (high resolution) and a map of NDVI on a10 by P 
grid (Tarpley et aL, 1984). The general patterns of LAI agree mostly with those 
of NDVI except in agricultural areas, where there is no natural vegetation. This 
occurs in eastern China, and in regions where there is strong rainfall seasonality 
such as India and south-east South America. The savannah regions of Africa 
have a high LAI output compared to the NDVI values. This is because DOLY 
is not able to account for fires that have the effect of reducing LAI. 
There have been a number of studies on crops and individual plant 
species which have found correlations with LAI and NDVI. For instance, 
Daughtry et al., (19 84) used the NDVI in their study of crop canopies and 
found that there was a high correlation with LAI and absorbed 
photosynthetically active radiation (APAR). Rice et al. (19 80) also used this 
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index with APAR and LAI and showed that NDVI closely mirrored LAI 
through the growing season for wheat. However, for several different species 0 
the relationship is more complex. It is not easy to make a quantitative 
comparison between NDVI and LAI due to the fact that the NDVI varies with 
vegetation type as well as LAI. For instance the shape and angle of leaves, leaf 
moisture and leaf age can all affect reflectance. Also, differences arise from 
different canopy heights and structures: arable crops have lower canopies and 
near random or slightly regular leaf angle distributions but forest stands have 
higher canopies and leaves clustered in the canopy. In addition to this, once an 
LAI of 5 is reached there tends to be no further increase in NDVI due to 
saturation effects. No distinction can be made between LAI values that are 
greater than 5. To overcome some of these problems, separate equations can 
be used for each vegetation type, for example grass, needleleaf and broadleaf 
canopies. This is the approach used by Nemani and Running (1995,1996) to 
ascertain LAI from NDVI with a knowledge of the underlying vegetation. 
Also, the NDVI varies through the year, whereas DOLY predicts the maximum 
LAI that is able to be sustained for the year. It was therefore decided that a 
simple qualitative comparison would suffice at this point in order to give an 
indication that the DOLY model was producing reasonable results. More 
recent work with the SDGVM (Sheffield Dynamic Global Vegetation Model) 
which incorporates the DOLY model, has used the NDVI in order to attempt 
to validate LAI and NPP from the SDGVM. The results are presented and 
discussed in Chapter 9. 
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0 0.05 0.1 0.15 0.2 0.25 0.3 
a) Normalized difference vegetation index (NDVI). NDVI values are means 
over the period July 1983 to June 1984 derived from radiances measured 
by the 
AVHRR sensor on the NOAA-7 satellite 
b) Leaf area index. A run of the DOLY model with data from a 
GCM simulation 
of current climate predicts these values. 
Figure 6.2 Comparison of the LAI predicted by the model DOLY with the 
observed normalized difference vegetation index (NDVI). 
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The next stage was to derive the vegetation variables required by the 
GCM. To do this, Dr. Peter Cox from the Hadley Centre used the LAI values 
from DOLY to calculate a number of these variables by empirical and 
physically-based relationships (see Appendix 1). Note that there is the 
assumption that the NPP and surface resistance provided by DOLY apply to 
the vegetated fraction of the gridbox only. Also, the LAI from DOLY is the 
gridbox mean value. LAI has an impact on many GCM variables. For instance, 
as LAI increases, canopy storage capacity (the amount of water that remains on 
the vegetation canopy once it has saturated and throughfall is running) 
increases, but the albedo, (the amount of radiation reflected from the earth's 
surface) decreases. An exponential relationship is used to derive the vegetated 
fraction from LAI (see equation I in Appendix 1). Beyond an LAI of four, 
(where the vegetated fraction is close to 80%) the rate of increase of vegetated 
fraction declines. At an LAI of nine there is a 100% vegetated fraction. The 
derivation of mean canopy height also uses LAI. The snow-free albedo can be 
calculated from the effective albedo vegetated fraction using the two stream 
solution of Sellers (1985). This albedo is calculated for the LAI of the 
vegetated area with underlying soil, and the soil (or ice) albedo derived from 
the WHS (Wilson and Henderson- Sellers, 1985) map of soil colour classes. 
The deep-snow albedo calculation is similar. This calculation adds a constant 
value of 0.8 for the deep-snow albedo of bare soil or ice to an annual mean 
albedo of the vegetation fraction with underlying snow. Root depth, canopy 
capacity and infiltration enhancement factor are also calculated from the 
vegetated fraction. Shaw and Pereira (1982) demonstrated how roughness 
length increases with LAI but then starts to decline once the full canopy 
develops and the surface becomes smooth. Roughness length determines the 
boundary layer conductance. The calculation of siirface resistance uses the 
mean canopy stomatal conductance output from DOLY and the vegetated 
fraction, and the resistance calculated for bare soil and ice. 
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The determination of the GCM variables then enabled the performance 
of the asynchronous coupling as illustrated in Figure 6.3. This involved the 
following steps. 
i) The GCM was run with the land surface characteristics derived from the 
WHS dataset (Wilson and Henderson-Sellers, 1985) to simulate climate at the 
1980 C02 concentration (323 ppmv) called Ix C02- 
ii) DOLY was then run with this simulated climate in order to obtain a 
simulation of 1980 vegetation. 
iii) This simulated vegetation was then used in a further GCM integration with 
the 1980 C02 concentration to give a further climate simulation. 
iv) Steps ii) and iii) were repeated until the iterations caused no further 
significant change. This was a qualitative assessment and occurred after a 
couple of years. This gives mutually consistent simulations of 1980 climate, Cl, 
and vegetation, V1. 
v) A GCM integration with the C02 concentration doubled to 646 ppmv, called 
2x C02 used the vegetation state, V I, providing a climate change simulation 
with no vegetation feedback. This climate is called C2. 
vi) DOLY is then used to simulate a vegetation with 2x C02- 
vii) This new vegetation, V2, was then used in a further GCM simulation with 
2x C02- 
viii) Stages vi) and vii) are repeated until there is no signifIcant difference 
between iterations (as explained in iv). This gives mutually consistent 
simulations of climate, C3, and vegetation, V2 with 2X C02 climate. 
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The effect of vegetation feedback on doubled-C02 climate is then described by 
the differences between climates C3 and C2. 
1x COZ Climate state, C2 2xCoI 
DOLY 
* DOLY 
1AI 
htc. 
ant? 
y Yes Significant Yes SignWicant 
Z4 ? 
No 
Change ? Change ? 
STATE 1 
No No 
Climate state, CI 
EVegetation 
state, VI 
VegetatJon state, V2 
Climate state, C3 
STATE3 
GCM 
2XCO2 STAI TE 2 
Figure 6.3 The procedure adopted to simulate climate and vegetation for 
differing concentration Of C02- 
State I occurs when the climate C I, and vegetation VI are mutually consistent 
for 1x C02- 
State 2 occurs when the GCM runs with 2x C02 and no vegetation feedbacks. 
State 3 occurs when the climate C3, and vegetation V2 are mutually consistent 
for 2x C02- 
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6.4 Results 
Figures 6.4 to 6.7 present the results from the coupling processes between 
DOLY and the GCM. Maps supplied by Dr. Peter Cox and Richard Betts of 
the Hadley Centre have been used to produce these figures. These data are for 
the low resolution of the GCM, that is a 5' x 7.5' global grid. 
Three scenarios were examined: 
i) The climate change due to increased C02 with no vegetation feedbacks 
(Figure 6.3, State 2). This is the difference between C2 and C 1. The results are 
shown in Figure 6.4. Global mean surface temperature increases by 2.5 K and 
the precipitation by 0.1 mm day-1 using this scenario. Figure 6.4a shows how a 
large part of the land surface experiences temperature rises of between I and 
5K but temperature falls of I to 2K in small areas of eastern Siberia and 
southern Brazil. Figure 6.4b shows how the precipitation varies spatially with 
increases of I mm. day-1 in eastern Africa and southern India, and decreases of 
I mm. day-1 in Cameroon, Venezuela and eastern Brazil. These results differ 
slightly from the results from the high resolution (2.5" x 3.75' global grid) 
version of the slab model which are presented in Betts el aL, (1997). They 
showed that the global mean surface temperature increased by about 4K with 
increased C02 and no vegetation feedbacks. Also, much of the land surface 
experienced greater temperature rises than the low resolution model, of 4 to 
8 K. In the case of precipitation, much'of the world experienced, increases of up 
to I mm per day. The greatest increases of around 2 mm. per day (equivalent to 
an annual increase of 730 mm) occurred in Zaire and Malaysia. There were also 
areas of decrease of the same magnitude in northern South America, southern 
Europe and south-westem parts of Asia. The areas with large increases in 
precipitation also receive a high annual total so in percentage terms these 
increases would be less significant than they would be in an and area. 
The differences that occur between the two resolutions of the model are 
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a) Change in annual mean temperature (K), diagnosed at a height of 1.5m 
above the surface. 
I-- 
-11 
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b) Change in annual mean precipitation (mm). 
Figure 6.4 Climate change due to doubling C02, neglecting vegetation 
feedback, expressed as difference between climate states C2 and CI- 
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most likely to be attributable to the greater detail provided by the high 
resolution model which leads to slightly different effects, and to smoothing. 
However, despite the differences, both resolutions show that the land 
temperature increases globally with elevated C02 and, although the picture is 
more complex with the precipitation, this also shows a general global increase. 
ii) The vegetation change due to increased C02. This is the difference between 
the final vegetation state, V2 and that simulated under IX C02, VI- 
Figure 6.5 shows the changes in LAI and NPP due to the increase in 
C02- Much of the world experiences an increase in NPP between 0.01 and 
0.3 kgC M-2 yr-1; the greatest increases occurring in equatorial Africa, Brazil 
and eastern China. Areas of decrease occur in the Sahara and southern regions 
of Asia. LAI increases by 0.12 globally, but has decreases of the order of 0.1 to 
2 in central Asia, Australia and north-eastem Africa. 
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Figure 6.5 Difference maps showing the change of LAI and NPP for an 
increase in C02. LAI has an average global increase of 0.12 and NPP has an 
average global increase of 0.11 kgC M-2 yr- I 
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iii) The climate change due to increased C02 and with vegetation feedback. 
This is the difference between the final climate state, C3, and that simulated 
under 2x C02 j C2 (Figure 6.6). 
Globally, there is a slight decrease in temperature of 0.09 K, but certain 
regions such as north-eastern parts of Asia show increases of between I and 
2 K. Southern Sweden, the Ukraine into Russia, Turkey and Iran have 
increases of around I K. Other "hot spots" include south-east North America, 
the northern coast of South America, southern Chile, Senegal, and north-west 
Queensland and western Victoria in Australia. There are also large areas of 
decrease in temperature in the far north, as well as Antartica. Unusual 
circulation patterns set up by the GCM because of changes in the sea ice can 
cause these decreases. Much of the land area shows a decrease in temperature, 
with the greatest decreases occurring in eastern Africa, north-western 
Australia, eastern Argentina, northern India and the far north-east of Siberia. 
These areas of decreasing temperatures tend to be areas that have an increase 
in evapotranspiration, and therefore evaporative cooling after the inclusion of 
vegetation feedbacks. Also, there was an increase in root depth in the doubled- 
C02 climate in these areas, which made more soil moisture available for 
transpiration. The increases in surface temperature over north-eastem Asia, 
however, occur for different reasons. Although there was also an increase in 
root depth in this region, the temperature rose, rather than fell, as a result of 
vegetation feedback. Some other process was evidently operating to cause this. 
This process was most likely to have links with the surface albedo in this 
region. Figure 6.7 shows two global maps of changes in surface albedo 
(shortwave reflectivity of a surface) and surface temperature for March, with a 
change in climate and vegetation feedback. March was chosen because it is at 
the end of winter in the northern hemisphere, and is just before snow melt in 
the high latitudes. It would therefore show the greatest temperature and albedo 
differences between a vegetated and a non-vegetated surface. 
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Figure 6.6 Changes in surface temperature due to vegetation feedbacks under 
doubled C02- 
Links between some of the changes that occur in surface temperature 
for March and changes in surface albedo are evident. For instance, in north-east 
Asia, and north-eastern parts of Canada where there has been a decrease in 
albedo this has led to an increase in temperature. The increase in LAI in these 
regions causes deep-snow albedo to decrease by hiding the snow on the ground 
below taller vegetation, besides making the surface darker. The effect of this on 
the seasonal variation in albedo is to give a significantly lower surface albedo in 
winter in these regions. This results in an increase in net shortwave radiation 
and a rise in surface temperature. Much of Canada, however, shows a large 
decrease in surface temperature. From Figure 6.7 it can be seen that in north- 
western areas this can be attributable to an increase in albedo; but over the rest 
of the country, other variables, such as soil moisture and root depth have had a 
greater influence. There was an increase in soil moisture in the doubled-C02 
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Figure 6.7 The change in surface albedo and temperature due to doubled-C02 
and with vegetation feedback for March. This is the difference between the 
final climate state, C3, and that simulated under 2x C02, C2. 
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climate in these areas which has provided more water for transpiration. This has 
led to more evapotranspiration and increased cooling. This increased 
evapotranspiration will not be as high as that experienced in eastern Africa, and 
north-western Australia, due to lower overall air temperatures, but will be 
sufficient to reduce the regional temperature. In addition, this region has 
experienced an increase in precipitation with climate change but this is smaller 
than the increase that occurs in eastern Asia. 
6.5 Discussion 
This chapter has shown how data from the vegetation model DOLY can 
be successful incorporated into a GCM. Vegetation is projected to affect both 
the present-day climate, and the future climate of a GCM through feedback 
effects. The effect of vegetation varies regionally and is dependent on water 
balance and albedo. The climate of the GCM is particularly sensitive to changes 
in soil moisture, evapotranspiration, root depth and albedo, caused by the 
addition of a variable responsive vegetation. Any changes that occur in the 
GCM parameters are due to changes in LAI, NPP and stomatal conductance. 
The overall feedback effects are small but there are important regional 
differences. 
Further work needs to be done to examine the effect of additional 
iterations on the GCM, for example, the impact of incorporating the IK 
temperature rise and associated changes in precipitation in north-east Asia back 
into the GCM. Also seasonality needs introducing so that the LAI, which is 
currently an annual maximum figure, will decrease in the winter months for 
areas with deciduous vegetation. The DOLY model is now part of the Sheffield 
dynamic global vegetation model (SDGVM). This model has the advantages of 
interactive soil carbon and nitrogen, and is able to operate with transient climate 
data. Additional runs with this model within the GCM would provide additional 
information as to the interactions between vegetation and climate. 
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To summarize, this chapter has shown that it is possible to couple a 
GCM with a mechanistic vegetation model, even with the adoption of a simple 
asynchronous approach. The results have shown that important climate 
feedbacks occur in certain regions of the world that can be directly attributable 
to the effect of vegetation. Future work with the SDGVM will provide more 
information about the links between climate and vegetation. To model the 
response of terrestrial ecosystems to climatic change, this model needs 
incorporation within an atmosphere-ocean GCM. 
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CHAPTER 7 
7.0 An analysis of the different climate datasets 
used in the DOLY model 
7.1 Introduction 
Chapter 4 showed how the DOLY model responds to different climate 
variables and how this response depends very much on the global location. In 
addition, the modelling work in this thesis has shown that leaf area index (LAI) 
and net primary productivity (NPP) predicted by DOLY are very useful in 
highlighting deficiencies in the climate data. Other authors (Raich et al., 199 1, 
Woodward et al., 1995) have stressed the requirement for accurate climate 
data in models. They point out that mean climate data are often imperfect for 
their use in exacting vegetation models. Furthermore, it is important when 
analysing the results from models and comparing them with others, to 
understand the location and magnitude of errors caused by incorrect climate 
data. This is particularly useful when examining general circulation model 
(GCM) climate data for the present-day and enables the identification of 
regions where possible errors may arise. 
There are two aims of this chapter. The first is to compare net primary 
productivity (NPP) and leaf area index (LAI) from the DOLY model (water 
and soils version) run with three different climate datasets. Areas of 
disagreement are highlighted. The second is to compare the ISLSCP 
(International Satellite Land Surface Climatology Project) humidity data for the 
years 1987 and 1988 (Sellers el al., 1995; Meeson el al., 1995) and to show an 
interannual change with an El Nifio event (1987 was an El Nifio year. See 
Folland et aL, (1986) and Bigg, (1990) for details of regional climatic effects). 
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The climate datasets include the old version of the HASA (International 
Institute for Applied Systems Analysis) dataset (Leemans and Cramer, 1991); 
the new version of the IIASA dataset called CLIMATE supplied by Wolfgang 
Cramer (pers. comm., 1995); the ISLSCP dataset produced by Meeson et al. 
(1995) and Sellers et aL, (1995); and the GCM (general circulation model) slab 
data (supplied by Richard Betts of the Hadley Centre). These slab data are from 
the GCM simulation of the IX C02 climate (Expt. CBBXCA, Dec. 1993). 
Difference maps identify areas of change. These include differences in 
NPP and LAI arising from model runs with climate data from the old and new 
versions of the HASA dataset, from the old HASA dataset and the slab dataset 
and from the 1987 ISLSCP dataset and the 1988 ISLSCP dataset. Finally, 
differences between the humidity values for the years 1987 and 1988 from the 
ISLSCP dataset are examined. 
7.2 Methods 
Further details of each of the four datasets are given as follows. 
i) Both the HASA and CLIMATE datasets have been created from 
actual climate data over a 30 year period (1931 to 1960). These data have been 
derived from a number of sources, including MOller (1982), and entered on a 
0.5' by 0.5' global grid. The temperature data were calculated for sea level and 
then adjusted for elevation, assuming a global moist adiabatic lapse rate of 
-0.6'C per 100 m altitude. However, air masses are able to hold more moisture 
at higher temperatures and therefore release more latent heat on condensation 
than those at lower temperatures. This means that moist adiabatic lapse rates 
increase with decreasing temperature. For high temperatures the rate can be as 
low as -0.4'C per 100 m altitude but increase to -0.9'C per 100 m altitude at 
-40'C (Barry and Chorley, 1976). Precipitation data were not adjusted for 
altitude due to the difficulty of defining a suitable lapse rate for precipitation 
and hence these data are underestimated in mountainous regions. All the data 
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are interpolated between actual meteorological stations using spatial averaging 
techniques (Leemans and Cramer, 1991), so that areas with the greatest station 
density are the most likely to have the most accurate data. The CLIMATE 
dataset is a revised form of the old HASA dataset (Leemans and Cramer, 199 1) 
with changes made to some of the temperature and precipitation values. In 
addition, the HASA data had to be converted to the same resolution as the slab 
data (2.5' by 3.75') for ease of comparison with the slab dataset. This was 
done by extracting the nearest HASA cell to a slab co-ordinate. 
ii) The humidity data supplied by Leemans (pers. comm., 1993) are on a 
0.5* by 0.5' global grid and have been created from actual data recorded as 
mean monthly values over a 30 year period (1931 to 1960). Humidity is 
recorded at nine o'clock in the morning. A quality control procedure was 
implemented on these data. If the humidity for any month exceeds the value 
from the previous month by 50% or more, the humidity for the previous month 
is altered. This amended humidity is calculated from the mean of the two 
months before and immediately after it. This adjusted the humidity values at 
some sites where certain months contained values that were clearly too low 
compared with those of the months around them. These humidity data were 
totalled for the year to obtain an annual humidity figure for each grid cell. 
When these data were plotted on a GCM grid (2.5' by 3.75") this adjustment 
affected only a small number of sites (26 GCM grid cells which are 0.6 % of 
the land cells). There was an increase in annual humidity of 40 percentage 
points in II grid cells, and the remaining 15 grid cells changed by ± 10 
percentage points. 
iii) The ISLSCP data have also been obtained from a variety of sources 
(Meeson et al., 1995; Sellers et al., 1995)'for the years 1987 and 1988 on a? 
by V global grid. The temperature data used in this chapter have been 
produced by the European Centre for Medium Range Weather Forecasting 
(ECMWF). These were derived from data at a temporal resolution of 6 hours 
(i. e. four values per day). These modelled temperature data are for a height of 
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2m above the ground. These data were converted to mean monthly 
temperatures. The mean daily temperatures were calculated from the four 6- 
hourly values, totalled for the month and divided by the number of days in the 
month. Dew point temperatures were also available, so it was possible to 
calculate the relative humidity (see Appendix 2). Both these datasets are on CD- 
ROM, Volume 3. Precipitation data were modelled by the NMC (National 
Meteorological Centre, Washington DC, USA) again for 6-hourly periods. 
These data are on CD-ROM, Volume 5. 
iv) The Hadley Centre slab model (Jones et aL, 1995), is a simplified 
climate version of the United Kingdom Meteorological Office (UKMO) Unified 
Forecast and Climate Model, a full Ocean-Atmosphere model. The slab model 
consists of an atmospheric model coupled to a simple (slab) ocean model that 
updates sea surface temperature and sea-ice extents. This dataset is a simulation 
of the equilibrium state of the climate system output from the Hadley Centre 
slab GCM for the present-day (I x COD climate. The data correspond to 
monthly means over a ten year period for the current concentration of 
atmospheric C02 (taken as 490 ppm by mass or about 323 ppm by volume 
(32.3 Pa partial pressure)). The slab model is quicker and easier to run than the 
full model. Section 6.2 contains additional details about the GCM. For the 
following study, climate output from the slab model at a resolution of 2.5' 
latitude by 3.75* longitude is used (6912 cells globally). 
The DOLY (water and soils version) model was run with the 
temperature and precipitation data from the old and new versions of the HASA 
dataset. The same humidity data from Leemans was used in both runs. The NPP 
and LAI values from the model were plotted globally. Difference maps were 
produced to show areas of change of both LAI and NPP. The DOLY (water and 
soils version) model was then run with the climate data from the old HASA 
dataset and the slab data, and the same procedure, as previously described, was 
adopted. Both these datasets have been used in the DOLY model to predict 
present-day LAI and NPP values. It should be noted, 
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however, that the HASA data have been derived from mean data coverinc, the 
period 1931 to 1960, whereas the slab data are derived from a simulation of 
present-day climate. Also, the atmospheric C02 partial pressure for all runs of 
the model was set at 35 Pa but the slab climate data were simulated for a 
climate using 32.3 Pa (the difference in the total global NPP and the mean 
global LAI using the HASA data for the two different atmospheric C02 partial 
pressures are shown in Table 7.2). Further runs were carried out using 
ISLSCP 1987 and 1988 data and the resulting LAI and NPP values were also 
compared. Finally, the ISLSCP mean annual humidity data for the years 1987 
and 1988, were calculated and mapped. Specific monthly differences will not be 
identified as only the mean annual humidity values are compared and not the 
individual months. An additional difference map was then produced showing 
the difference in ISLSCP humidity between the two years 1987 and 1988. For 
each dataset the total global NPP, mean global LAI, the land area covered by 
the dataset and the amount of vegetated area is calculated. 
For each set of difference maps of LAI and NPP, produced from the 
HASA and CLIMATE data, and from the HASA and slab data, temperature 
and precipitation data were extracted. These data were for specific regions of 
difference between the two datasets, identified from the maps. In addition, for 
the ISLSCP data, the vapour pressure deficit values were also calculated from 
the humidity and temperature data for these regions of difference. Climate data 
from the Miffler dataset were used to compare the slab model and the HASA 
climate data for some selected sites. See section 2.2.1 for more details on the 
MUller dataset. 
218 
7.3 Results 
The LAI and NPP values predicted by the DOLY model (water and 
soils version) run with the CLIMATE dataset are subtracted from the values 
derived from the old HASA dataset. The CLIMATE dataset is taken as being 
the reference dataset on the assumption that its values should be an 
improvement on the values in the original HASA dataset as further validation 
checks have been carried out at a number of sites globally (Cramer, pers 
comm., 1995). The resulting difference maps are shown in Figures 7.1 and 7.2. 
This analysis is concerned with regions where the two datasets give noticeably 
different LAI and NPP values. NPP values range from 0 tC ha-1 yr-1 in desert 
areas to II tC ha-1 yr-1 in tropical rain forests (McGuire et al., 1992). LAI 
values range from 0 in desert areas to 12 in tropical rain forests (Nemani and 
Running, 1996). The total global NPP and average LAI were also calculated 
from the old and the new HASA datasets. Figure 7.1 shows that small negative 
deviations (i. e. :!, -1) from the reference LAI occur in southern Greenland, 
eastern Siberia, parts of central Asia, central Australia, south Yemen and 
Oman, Alaska, the southwestern states of America and parts of southern 
America. Small positive deviations (i. e. :5 1) occur in the Sahara desert, 
southern Africa, western Australia, western Saudi Arabia and eastern Brazil. 
Greater changes (i. e. ý! 2), where values from the model run with the old 
HASA dataset exceed those from the CLIMATE dataset, occur in areas of high 
ground. These areas include south-west Arabia, the Elburz mountains south of 
the Caspian Sea, and the Tien Shan mountain range of western China. In 
addition, the south-eastern fringes of the Gobi desert and south-west USA 
show increases of 2 to 3. Negative deviations of 2 to 3 occur in eastern Siberia, 
southern Greenland, parts of Alaska, and the Andes. The same decreases also 
occur in the southern Sahara desert, the Somali peninsula of Africa, parts of 
Iran, the I-Emalayas, south-western Africa and central Australia. 
NPP shows the same pattern of change as LAI in Figure 7.2, with the 
addition of areas such as eastern Brazil and parts of central Australia. These 
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areas show positive deviations in NPP of 2 to 3 tC ha-I yr-1. There are also 
more extensive negative deviations in eastern Siberia and central Asia and 
Brazil. Negative deviations of 2 to 3 tC ha-I yr-I also occur in Spain, northern 
Burma, southern China, north Vietnam, New Guinea, the northern fringes of 
Hudson Bay, Venezuela, southern Guyana, and around the Amazon delta. 
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Figure 7.1 Change in LAI values derived from the DOLY model (water and 
soil version) using precipitation and temperature data from the IIASA dataset 
(Leemans and Cramer, 199 1), and the CLIMATE dataset (pers. comm., 
Wolfgang Cramer, 1995). The absolute values of LAI range between 0 and 12. 
Positive deviations occur when the LAI values from the HASA dataset exceed 
those of the CLIMATE dataset and negative deviations are for the reverse 
situation. 
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Figure 7.2 Changes in NPP values derived from the DOLY model (water and 
soil version) using precipitation and temperature data from the HASA dataset 
(Leemans and Cramer, 1991), and the CLIMATE dataset (pers. comm., 
Wolfgang Cramer, 1995). Absolute values of NPP range between 0 and 
II tC ha-1 yr-1- Positive deviations occur when the NPP values from the HASA 
dataset exceed those of the CLIMATE dataset and negative deviations are for 
the reverse situation. 
The deviations in LAI and NPP predicted by the model for different 
climate databases arise for a number of reasons, which are dependent on the 
location of the area under study. For instance, in south-west U-S-A, the rainfall 
is lower in the CLIMATE dataset than that in the old dataset (Table 7.1), and 
because this is an and area results in lower LAI and NPP values as shown in 
Figures 7.1 and 7.2. 
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Table 7.1 Total annual rainfall (mm yr-1) and mean annual temperature ("C) 
for 9 global locations obtained from the HASA dataset (Leemans and Cramer, 
1991) referred to as "old", and the CLIMATE dataset supplied by Wolfgang 
Cramer (pers. comm., 1995), referred to as "new. " 
Area Latitude & Mean Mean Total Total 
description longitude temp. temp. precip. precip. 
(old) (new) (old) (new) 
OC OC (mmyr-1) (mmyr-1) 
S. W. U. S. A. 3 ION 1130W 19 18 237 168 
Yemen 16'N 44'E 13 17 198 222 
Tien Shan 45'N 85E 5 4 92 193 
South of the 36'N 541E 5 14 1063 153 
Caspian Sea 
Andes 241S 68'W -10.4 5 195 114 
Somali 5'N 46'E 27 28 148 198 
peninsular 
Eastern Siberia 660N 1750E -13 -11 163 360 
Eastern Brazil 50S 37.50W 25 27 1572 664 
Southern 20'N OIE 29 28 74 86 
Sahara 
Elsewhere, different effects are noted. For instance, in the Yemen (Table 7.1), 
both temperature and precipitation rise with the CLIMATE dataset, which 
causes a decrease in NPP and LAI. The deviation between the HASA and the 
CLIMATE dataset is therefore positive. South of the Caspian Sea (Table 7.1), 
again a dry area, the precipitation has been reduced greatly in the CLIMATE 
dataset. The temperature increases which also cause decreases in LAI and NPP 
lead to a positive deviation between the two datasets. This also occurs in 
eastern Brazil (Table 7.1). 
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If we nowconsider the negative deviations that occur due to the NPP 
values from the CLIMATE dataset exceeding than those from the HASA 
dataset. In the Andes, the rainfall in the new dataset is less than that of the old 
(Table 7.1), but the temperature is much higher, which causes increases in both 
NPP and LAI. Temperatures rise in the Somali peninsular and in eastern Siberia 
but precipitation is higher with the new dataset compared with the earlier 
version (Table 7.1). On the southern fringes of the Sahara, the temperature is 
slightly lower and the precipitation higher in the new dataset than in the earlier 
version. This too causes increases in LAI and NPP. 
Table 7.2 shows how the two datasets compare regarding the total 
global NPP, mean annual LAI, land area, vegetated area and climate. The 
CLIMATE dataset increases the amount of global NPP which in turn increases 
the amount of vegetated area, although there is no difference in mean global 
LAI. The CLIMATE dataset also has a slightly higher global mean temperature 
than the IIASA dataset, which would increase the NPP providing there were no 
water limitations. However, the increase in mean annual rainfall does not 
appear to have any impact on the global mean LAI. The LAI, NPP and 
vegetated area are all increased with increased atmospheric C02 partial 
pressure. 
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Table 7.2 Total global NPP, mean global LAI, and global vegetated area 
predicted by the DOLY model (water and soils version). The model was run 
with the old HASA dataset (at two atmospheric C02 partial pressures of 32 Pa 
and 35 Pa) and the new HASA dataset (CLIMATE) both on a 0.51 by 0.5 " 
global grid. The mean annual temperature and mean annual precipitation are 
also shown. The mean annual relative humidity is calculated as 72 %. The 
global land area is 136.2 x 106 km2. 
Dataset Total global Mean Global Mean Mean 
NPP global vegetated annual annual 
(Gt C yr-1) LAI area temp. precipitation 
(x 106 km2) ("C) (mm. ) 
HASA 52.7 4.1 106.1 10.8 672 
(32 Pa) 
HASA 55.9 4.2 106.5 10.8 672 
(35 Pa) 
CLIMATE 57.7 4.2 109.2 11.5 690 
This study has shown that changes in temperature and precipitation can 
have important regional effects on the LAI and NPP values from the model. 
These effects are dependent on the current climate of a region, namely whether 
it is and or cold. In Chapter 2, it was shown how vapour pressure deficit is 
influenced by temperature and humidity (equations 2.26 and 2.27 and Figure 
2.5). This in turn affects LAI and NPP. Later in this chapter the effects of 
vapour pressure deficit, in addition to temperature and precipitation, will be 
examined in relation to the ISLSCP data. 
The next comparison involved the HASA dataset (on a 2.5" by 3.75* 
grid) and the GCM slab dataset from the UKMO. This comparison used the 
HASA dataset instead of the CLIMATE dataset for a number of reasons. The 
first is a historical reason in that this comparison was made before the 
CLIMATE dataset become available. The second reason was that most of the 
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model runs in this thesis have used the HASA dataset and, finally, the HASA 
dataset has been published and the CLIMATE dataset has not to date. The aim 
of this comparison was to determine areas where the HASA dataset and the 
slab data differed markedly. The LAI and NPP values predicted by the DOLY 
model (water and soils version) run with old HASA dataset are subtracted from 
the slab dataset. The old HASA dataset is taken as the reference dataset in this 
case on the assumption that actual climate data should be more accurate than 
modelled climate data. The resulting maps are shown in Figures 7.3 and 7.4. In 
addition, the total global NPP and average LAI were calculated from the slab 
data. 
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Figure 7.3 Change in LAI values derived from the DOLY model (water and 
soil version) using precipitation and temperature data from the HASA dataset 
(Leemans and Cramer, 199 1), humidity data from Leemans (pers. comm., 
1993) and the slab dataset from the UKMO. The absolute values of LAI range 
between 0 and 12. Positive deviations occur when the LAI values from the slab 
dataset exceed those of the HASA dataset and negative deviations are for the 
reverse situation. 
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Figure 7.4 Changes in NPP values derived from the DOLY model (water and 
soil version) using precipitation and temperature data from the HASA dataset 
(Leemans and Cramer, 199 1), humidity data from Leemans (pers. comm., 
1993) and the slab dataset from the UKMO. Absolute values of NPP range 
between 0 and II tC ha- I yr- I- Positive deviations occur when the NPP values 
from the slab dataset exceed those of the HASA dataset and negative 
deviations are for the reverse situation. 
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Figure 7.3 shows the differences in LAI between the two datasets. Six main 
areas of negative deviations (IIASA LAI values exceed the GCM LAI values) 
are evident. 
These are: 
i) Argentina, 
ii) the northern savannah regions of Africa, 
iii) northern Burma and southern China, 
iv) Pakistan, 
v) north-eastern Siberia, 
vi) northern China and western Mongolia. 
Table 7.3 Total annual rainfall (mm. yr-1) and mean annual temperature ('C) 
for 16 global locations obtained from the HASA dataset (Leemans and Cramer, 
1991) referred to as "old", and the GCM slab dataset supplied by the UKMO. 
Area description Latitude & Mean Mean Total Total 
longitude temp. temp. precip. precip. 
(old) (slab) (old) (slab) 
0C 11C (mm yr, l) (mm yr-1) 
Argentina 37.5*S 60'W 13.8 15.3 804 610 
Northern 15'N 30'E 26.4 26.3 206 88 
savannah (Africa) 
Northern Burma 251N 93.75'E 15.4 19.8 1117 2217 
Pakistan 27.5'N 60'E 18.8 16.7 73 205 
N. E. Siberia 72.5'N 127.5'E -14.8 -19.2 325 186 
Western 47.5'N 93.75'E -1.5 -1.0 166 65 
Mongolia 
Central Australia 250S 131.250E 20.0 19.4 196 350 
Southern Africa 30*S 22.51E 18.1 14.4 194 321 
Southern South 55'S 67.5'W 4.4 3.2 451 1601 
America 
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Table 7.3 (continued) 
Area description Latitude & Mean Mean Total Total 
longitude temp. temp. precip. precip. 
(old) (slab) (old) (slab) 
Oc Oc (mm yr- 1) (mm yr- 1) 
Northern Canada 67.5'N 131.25OW -8.8 -7.3 151 149 
Eastem coast of 
USA 
South Brazil 
37.5'N 78.75W 15.4 11.7 1091 1115 
30'S 56.25'W 15.3 20.4 1462 950 
Ethiopia 5'N 33.75'E 27.8 22.9 700 1611 
Uganda 2.5'N 3 WE 21.4 19.9 1640 2897 
SW USA 32.5'N 116.25'W 9.6 17.7 176 56 
Central southern 37.50N 86.25OW 14.4 13.9 217 1244 
America 
Referring to Table 7.3, the LAI values in Argentina predicted from the 
. model using slab 
data are lower than those using the old HASA data. The slab 
model has underestimated the amount of rainfall in this region and 
overestimated the temperature in relation to the actual data. The total annual 
rainfall data from HASA exceeds the total annual rainfall from the slab data and 
the HASA temperature is also lower, the result of which leads to increases in 
both NPP and LAI. In the and northern savannah regions of Africa, the slab 
model again underestimates the amount of rainfall (Table 7.3) giving lower LAI 
and NPP values than HASA but the temperature is similar to that of the HASA 
data. Elsewhere, where the climate is wetter (for instance, Burma), the higher 
values of LAI with the HASA data occur due to lower rainfall values, and 
lower temperatures (giving lower vapour pressure deficits and leading to less 
evaporation) than the slab model data. In colder regions such as north-eastern 
Siberia, the higher LAI is due to the HASA dataset having higher temperatures 
than the slab model data (Table 7.3). 
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Positive deviations in LAI (the values from the slab dataset exceed 
those from the HASA dataset) arise in drier areas, such as central Australia, 
where the slab model data overestimates rainfall relative to the actual data 
(Table 7.3). The LAI output from the model using the slab data is therefore 
greater than that using the old HASA. This also occurs in southern Africa and 
southern parts of South America (Table 7.3). In northern Canada, the LAI 
output from the model using the slab data also exceeds the values from the 
HASA data. This is due to the temperatures in the slab data being slightly 
greater than those of the HASA dataset for this region (Table 7.3). 
Figure 7.4 shows a similar pattern to Figure 7.3. There are, however, 
additional negative deviations (the values from the HASA dataset exceed those 
from the slab dataset) occurring along the eastern coast of the U. S. A., where 
the HASA temperature data are higher and the precipitation is lower than the 
slab data (Table 7.3). Negative deviations also occur in eastern Zaire and 
southern Brazil (Table 7.3). In southern Brazil, the HASA temperature data are 
lower and precipitation higher than the slab data. The higher HASA 
temperature for the eastern U. S. A. has increased the NPP value, as rainfall is 
adequate to cover the increased evaporative demand. Positive deviations occur 
in Ethiopia and Uganda because the slab temperatures are lower (giving lower 
VPD values and reduced evaporation) than the HASA temperatures and there 
is much more rainfall. 
The small positive deviations in LAI and NPP that occur in the Sahara 
desert suggests that the slab model has predicted some precipitation in these 
cells where in reality there would be none (from the HASA dataset). The small 
negative deviations arise where the HASA dataset has rainfall and the slab does 
not. Figures 7.1 and 7.2 show that there are also some positive deviations in 
both LAI and NPITbetween the HASA and CLIMATE dataset within some of 
these cells. This implies that the HASA dataset is in error with regards to 
rainfall in some of these cells. If the precipitation values from the CLIMATE 
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dataset were used instead of the IIASA values, then the slab data would be in 
agreement with these values in these particular regions of the Sahara desert. 
In northern Canada and north-eastern Siberia, where LAI increases with 
the use of slab climate data, it appears that this has been due to an 
overestimation of temperature relative to the IIASA dataset. However, some of 
these IIASA temperatures are greater than those in the CLIMATE data (Table 
7.3) in north-eastern Siberia. This suggests that they may have been too high 
and that the slab temperature data are closer to the CLIMATE temperature 
data than the IIASA data. The comparison of the IIASA and CLIMATE 
dataset has shown that there has been an element of "correction" in the south- 
western states of America, and central Asia. Thisbas also occurred in central 
parts of Australia, western South America and east Africa. 
In order to check the accuracy of the temperature and precipitation 
inputs for a selection of sites where differences occurred, actual climate data 
were extracted from the MOller dataset (Willer, 1982) for sites that were 
nearest to the slab co-ordinates. The comparison of the mean annual 
temperature and annual precipitation are shown in Table 7.4. It can be seen that 
the slab model has lower rainfall values in the Sudan, southern Brazil and 
Argentina than the values from the Willer and HASA datasets, which has led to 
lower values of NPP and LAI. In Ethiopia, Uganda and central Australia the 
slab rainfall values are too high giving higher values of NPP and LAI. The slab 
temperatures are closer to those from Miller for Sudan, South Brazil, 
Argentina and Ethiopia, but HASA is closer to Willer for Uganda, central 
Australia and northern Siberia. Both the slab and HASA temperatures are too 
warm compared with the Miller temperature for northern Canada. Spatial 
averaging across the grid squares is the most likely explanation for many of 
these discrepancies. Also, the site selected may nbt be representative of the 
climate of the grid square where it is located. Despite these limitations, Table 
7.4 does highlight where major differences have occurred particularly with 
regards to slab precipitation. Table 7.5 shows total global NPP and mean global 
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LAI using the slab and the HASA climate data. Compared to the slab climate 
data the amount of vegetated area is greater using the HASA climate data, and 
there is a higher global NPP value. The HASA dataset also has gives slightly 
higher global mean temperature than the slab dataset but the total annual 
rainfall is much lower. The global mean LAI does not differ much between the 
two datasets. 
Table 7.4 Total annual rainfall (mm, yr-1) and mean annual temperature ('C) 
for 8 global locations extracted from the MiAller dataset (MUller, 1982) 
compared with the values obtained from the HASA and slab climate datasets. 
Site and area Latitude & Mean Temperature Total precipitation 
description longitude (OC) (mm yr-1) 
Müller IIASA Slab Müller IIASA Slab 
Khartoum, 15.6'N 
Sudan. 32.53'E 
Porto Alegre, 30.03'S 
South Brazil. 51.211W 
Buenos Aires, 34.58IS 
Argentina. 58.48'W 
Negelli, 5.12' N 
Ethiopia. 39.43'E 
Gulu, 2.75*N 
Uganda. 32.33E 
Alice Springs, 23.7'S 
Australia. 133.88'E 
29.2 26.4 26.3 164 206 88 
19.4 15.3 20.4 1297 1462 950 
16.9 13.8 15.3 1027 804 610 
19.5 27.8 22.9 550 700 1611 
23.1 21.4 19.9 1470 1640 2897 
20.6 20.0 19.4 252 196 350 
Sachs Harbour, 71.95'N -14.4 -8.8 -7.3 138 151 149 
Canada. 124.73OW 
Mys Cel'uskin, 77.72N -15.6 -14.8 -19.2 244 325 186 
Siberia. 104.28'E 
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Table 7.5 Total global NPP, mean global LAI, and the global vegetated area 
predicted by the DOLY model (water and soils version). The model was run 
with the IIASA dataset (on a GCM resolution of 2.5* by 3.75") and the slab 
climate data. The mean annual temperature and mean annual precipitation are 
also shown. The mean humidity for the HASA dataset is 71% and 77% for the 
slab dataset. The global land area (excluding Antarctica) is 134.0 x 106 km2. 
This area is slightly less than that for Table 7.2 due to the different grid 
resolutions used. 
Dataset Total global Mean Global Mean Mean 
NPP globa vegetated annual annual 
(Gt C yr I) I LAI area temp. pptn. 
(x 106 km2) (*C) (mm) 
HASA 55.9 4.3 101.3 5.1 647 
Slab (lx C02) 54.6 4.2 100.1 3.4 904 
This comparison has shown areas where the LAI and NPP would differ 
were the slab climate data used instead of the HASA dataset. The overall global 
difference in NPP and vegetated area is relatively small compared with the 
difference between the HASA and the CLIMATE datasets (Table 7.2). This type 
of comparison aids in the analysis of model accuracy. Discrepancies in LAI and 
NPP that have arisen due to the climate inputs, rather than the model itself, can 
be identified and compared with other model values. 
Additional runs of the DOLY model (water and soils version) used the 
1987 and 1988 ISLSCP climate data. The LAI and NPP values produced from 
the ISLSCP 1988 data are subtracted from the ISLSCP 1987 data and the 
resulting maps are shown in Figure 7.5 and 7.6. The 1SLSCP 1988 dataset is 
taken as being the reference dataset on the basis that it was not a year when an 
El Nifto event occurred. 
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Figure 7.5 Differences between LAI values in 1987 and 1988 derived from the 
DOLY model (water and soil version) using the ISLSCP dataset. The absolute 
values of LAI range between 0 and 12. Positive deviations occur when the LAI 
in 1987 exceeds those of 1988 and negative deviations are for the reverse 
situation. 
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Figure 7.6 Difference between NPP values in 1987 and 1988 derived from the 
DOLY model (water and soil version) using the ISLSCP dataset. Absolute 
values of NPP range between 0 and II tC ha-I yr-1- Positive deviations occur 
when the NPP in 1987 exceeds those of 1988 and negative deviations are for 
the reverse situation. 
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Figure 7.5 shows that the LAI for 1987 exceeds that for 1988 in central 
southern America, western South America, central Asia, northern Siberia and 
western and northern parts of Australia. In western Australia this was due to 
the warmer and wetter conditions that occurred in 1987 (Table 7.6a). In 
northern Australia, it was also warmer and wetter in 1987 than 1988, but the 
VPD was lower in 1987 due to the higher humidity (Table 7.6b). In 1987, 
northern Siberia was slightly drier and fractionally warmer than in 1988, which 
caused the LAI to be higher than in 1988. In central southern America, it was 
warmer and much wetter in 1987 than 1988, with a lower VPD value due to 
the slightly higher mean humidity (Table 7.6b). 
Regions where the LAI is lower in 1987 than 1988 include the northern 
savanna regions of Africa, southern Australia and parts of North Africa where 
it was drier and warmer in 1987 with higher VPD values and lower humidities 
(Tables 7.6a and b). In southern Australia, the VPD values were higher in 1987 
than in 1988 due to a warmer temperature in 1987 and the fact that the 
humidity didn't change between the years (Table 7.6b). In south-western 
Africa, Iran and eastern Brazil, the LAI values were also lower in 1987 
compared with 1988. In these regions it was warmer, though wetter in 1987 
compared with 1988 (Table 7.6a), again with higher VPD values (Table 7.6b). 
Iran was also more humid in 1987 but the higher temperatures led to higher 
VPD values than 1988 (Table 7.6b). 
Figure 7.6 shows the changes in NPP that occur between these two 
years. Southern Africa, Iran, eastern Brazil and Pakistan are areas where there 
has been a negative deviation (the values of 1988 exceed those of 1987) of 2 
to 3 tC ha-1 yr-1. These areas also show an LAI negative deviation of 2 to 3. 
Positive deviations in NPP (the values of 1987 exceed those of 1988) arise in 
Central Africa, southern South America, and the'south and south-western 
states of America. In all these regions the VPD values in 1987 were lower than 
those of 1988 (Table 7.6b). The NPP in northern Australia in 1987 exceeded 
the 1988 value by 2 to 3 tC ha -1 yr-1 due to warmer and wetter conditions in 
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1987. The reverse effect occurred in southern Australia where it was warmer 
but drier with a higher VPD in 1987 (Table 7.6b) compared with 1988. 
Table 7.6a Total annual rainfall (mm yr-1), and mean annual temperature (T), 
for 13 global locations obtained from the ISLSCP datasets (1987 and 1988). 
Area description Latitude & 
longitude 
Mean 
temp. 
(1987) 
0C 
Mean 
temp. 
(1988) 
0C 
Total 
precip. 
(1987) 
(mm. yr-1) 
Total 
precip. 
(1988) 
(mm yr-1) 
Northern Siberia 75'N 90'E -14.8 -14.9 207 269 
Western 27'S 120'E 22.0 20.4 355 208 
Australia 
Northern 17"S 135E 27.2 26.6 776 417 
Australia 
East Brazil PS 37'W 21.1 19.6 598 573 
Iran 27'N 60'E 20.1 19.0 55 18 
North Africa 3 S'N PW 16.1 15.6 354 372 
South Australia 30'S 130'E 19.5 18.4 163 213 
Central southern 38ON 960W 13.5 12.3 888 563 
America 
SW USA 32'N 1160W 19.2 18.5 114 98 
Northern 150N 300E 27.8 26.2 155 263 
savanna (Africa) 
South-west 33'S 18"E 16.5 16.1 266 223 
Africa 
Southern South 550S 670W 5.1 4.7 518 535 
America 
Central Affica 5"N 28"E 25.3 24.2 1341 948 
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Table 7.6b Mean annual humidity and mean vapour pressure deficit (VPD) 
values for 13 global locations obtained from the ISLSCP datasets (1987 and 
1988) 
Area description Latitude & 
longitude 
Mean 
humidity 
(1987) 
% 
Mean 
hun-ddity 
(1988) 
% 
Mean 
VPD 
(1987) 
(x 102 
Pa) 
Mean 
VPD 
(1988) 
(x 102 
Pa) 
Northern Siberia 750N 90'E 91 90 0.18 0.19 
Western 27'S 120*E 30 30 18.45 16.78 
Australia 
Northern 170S 135'E 45 42 19.90 20.36 
Australia 
East Brazil PS 37'W 76 78 5.91 5.11 
Iran 271N 60'E 26 24 17.42 16.61 
North Africa 381N PW 70 72 5.48 5.01 
South Australia 30'S 130'E 35 35 14.75 13.70 
Central south 38'N 96'W 79 74 3.23 3.77 
America 
SW USA 321N 116'W 49 42 11.30 12.45 
Northern 151N 30'E 25 28 27.92 24.40 
savanna (Africa) 
South-west 33'S 18'E 60 59 7.60 7.53 
Africa 
Southern South 55'S 67'W 82 81 1.62 1.65 
America 
Central Africa 51N 28'E 66 56 10.82 13.41 
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To summarize, in dry areas such as Iran, eastern Brazil, southern and 
western Australia, the LAI and NPP values were reduced in 1987 due to the 
warmer conditions and higher VPDs that occurred in these regions. In areas 
where there was no water shortage such as central Africa, central southern 
America, and northern Australia, the warmer and much wetter conditions of 
1987, compared with 1988 in these regions, led to higher humidities and lower 
VPDs increasing the LAI and NPP values. 
Table 7.7 shows how the global NPP and LAI vary between the years, 
1987 and 1988. 
Table 7.7 Total global NPP, mean global LAI, and the global vegetated area 
predicted by the DOLY model (water and soils version). The model was run 
with ISLSCP climate data for 1987 (1* by I' grid) and ISLSCP climate data 
for 1988. The mean annual temperature and mean annual precipitation are also 
shown. The mean humidity for both the ISLSCP 1987 dataset and the ISLSCP 
1988 dataset is 71%. The global land area is 135.3 x 106 km2. This area is 
slightly lower than that for Table 7.2 due to the different grid resolutions used. 
Dataset Total global Mean Global Mean Mean 
NPP global vegetated area annual annual 
(GtC ha -1 yr-1) LAI (x 106 km2) temp. pptn. 
(OC) (MM) 
ISLSCP 54.5 4.0 110.7 4.3 645 
1987 
ISLSCP 55.4 4.0 114.1 3.7 698 
1988 
It is interesting that the global NPP for 1988 is very close to the value 
of 55.9 GtC ha-1 yr-1. This is the value derived from the DOLY model (water 
and soils version) run with the HASA dataset and the Leeman's hun-fidity 
values (see Table 7-2). However, the vegetated area of 106.5 x 106 kM2 in 
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Table 7.2 is slightly lower. Also the mean global temperature is lower in 1988 
compared with the figures for the HASA dataset, although the mean annual 
precipitation of 698 nun is slightly higher. The changes between global NPP 
and vegetation cover for 1987 and 1988 are a reflection of the changes in 
precipitation, and temperature that occur due to an El Nifio event. The ISLSCP 
1987 dataset has a slightly higher global mean temperature than the ISLSCP 
1988 dataset but a lower NPP value due to a combination of higher VPDs and 
lower mean annual precipitation. There is no difference in mean annual relative 
humidity between the two years. The changes that occur in precipitation 
between the years 1987 and 1988 are shown in Figure 7.7. 
Increases in precipitation contribute to the increases in NPP and LAI in 
the regions that have been noted previously in this section, but temperature is 
important too. It tends to decrease with increasing precipitation as cloud cover 
increases. If temperatures fall, the vapour pressure deficit decreases and 
humidity increases. In cold areas such as Siberia and Canada a negative 
deviation of 20 mm in mean annual precipitation has virtually no impact on LAI 
and NPP. On the other hand, the same change in a warm and dry area, such as 
south-west Africa causes decreases in NPP of 2 or 3 tC ha-1 yr-1 (Figure 7.6). 
Also, larger changes in precipitation, such as the positive deviations of 40 to 
80 mm that occur in the equatorial regions of the Amazon and New Guinea 
have little impact on NPP and LAI. This is because there is no shortage of 
water in these regions. However a negative deviation of 20 mm in the desert Z) $ 
areas of central Australia has a noticeable effect leading to a decrease of 2 to 
3 tC ha -1 yr-1 (Figure 7.6) and a LAI reduction of 2 to 3 (Figure 7.5). 
Finally, an additional map has been produced which shows the 
difference in mean annual ISLSCP humidity between the two years 1987 and 
1988 (Figure 7.8). 
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Figure 7.7 Difference in mean annual precipitation (mm) between the years, 
1987 and 1988 derived from the ISLSCP dataset. Absolute values of monthly 
precipitation range between 0 and 500 mm (equivalent to total annual values of 
between 0 and 6 m) for the ISLSCP 1988 data and between 0 and 475 mm 
(equivalent to total annual values of between 0 and 5.7 m) for the ISLSCP 
1987 data. Positive deviations occur when the precipitation in 1987 exceeds 
that of 1988 and negative deviations are for the reverse situation. 
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Figure 7.8 Difference between the mean annual humidity (% points) of the 
ISLSCP dataset for 1987 and for 1988. Absolute values of monthly humidity 
range between 0 and 100%. Positive deviations occur when the 1987 humidity 
values exceed the 1988 humidity values and negative deviations are for the 
reverse situation. 
Figure 7.8 shows that despite the differences that arise in precipitation 
and temperature between the years, 1987 and 1988 (Figure 7.7), the differences 
in the mean humidity values between these two years are small (- 10 to + 10 % 
points). Although the mean global temperature is greater in 1987 than 1988 the 
mean global vapour pressure deficit for 1987 is only slightly higher than that 
for 1988 (2.4 x 102 Pa compared with 2.3 x 102 Pa). In western Siberia, 
western China, central and southern U. S. A., eastern Zaire and southern 
Greenland higher values of humidity occur in 1987 than 1988. This suggests 
that the VPD values are lower in 1987 for these areas, together with lower 
temperatures and increased rainfall. Areas where lower humidities occur in 
1987 than in 1988 are Lebanon, Israel, Syria and southern Turkey. This also 
occurs in Pakistan, eastern Sudan, northern Niger, Somalia, Ethiopia and South 
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Africa. This suggests that the VPD values are higher in 1987 for these areas 
together with higher temperatures and reduced rainfall. 
This map shows that, although 1987 is an El Nifto year, which mainly 
affects global precipitation (Bigg, 1990; Folland et aL, 1986), the effect on 
humidity between these two years is minimal. This is a useful result as it 
suggests that mean humidity is relatively insensitive to changes in precipitation. 
It appears to be fairly static globally (i. e., the amount of variation is of the 
order of 10% points) between years, providing that there are no major 
vegetation changes. At the moment it is not easy to find a global dataset on 
humidity. This situation is likely to change though over the next few years as 
demand increases from the ecological modelling community for such a dataset. 
It is therefore difficult to obtain any reference against which to check this level 
of variation. 
7.4 Discussion and conclusion 
This chapter has shown how climate datasets influence the LAI and 
NPP values from the DOLY model (water and soils version). Differences in 
LAI and NPP that are a result of the use of these different climate datasets can 
be used to improve the datasets themselves. These differences highlight areas 
where the datasets have underestimated or overestimated precipitation and 
temperature. 
It has been shown how increasing temperature, in a warm and and area 
leads to an increased vapour pressure deficit and increased evaporative 
demand, reducing LAI and NPP. If there is sufficient water supply, LAI and 
NPP may increase. In cold regions, temperature assumes a greater importance 
than the water supply, and LAI and NPP increase with temperature. These 
effects are further modified by changes in humidity. 
The Sahel, southern Brazil, the Pampas region of Argentina, eastern 
Africa and central Australia are the main areas where the model generates 
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differences in LAI and NPP values between runs using GCM slab and HASA 
climate data. In the Sahel, southern Brazil and the Pampas region of Argentina, 
the slab model has lower precipitation amounts compared with the HASA 
dataset and actual data (Table 7.4). In central and south-western Australia, and 
eastern Africa the slab precipitation data exceeds the HASA data and actual 
data (Table 7.4). Allowing for changes to the original HASA dataset, and 
comparisons with actual data, the slab model still appears to underestimate 
rainfall in the Sahel and overestimate it in central and south-western Australia. 
Such results are useful to both GCM modellers and to ecological 
modellers. Areas where improvements can be made to the GCM models have 
been highlighted as well as areas where vegetation model output has been 
influenced by inaccurate climate inputs. 
This work has also shown that mean global LAI varies very little with 
the use of different datasets and remains around 4. Global NPP and the 
vegetated area are more variable with a range in NPP between 
54.5 GtC ha-1 yrl (ISLSCP 1987), and 57.7 GtC ha-1 yr-1 (CLIMATE). 
The other datasets have NPP values of 55.4 GtC ha-1 yr-1 (ISLSCP 1988), 
55.9 GtC ha-1 yr-1 QIASA) and 54.6 GtC ha-1 yr-1 (slab, IX C02)- All these 
values are remarkably similar, given the different sources and projections of the 
datasets. 
Another result of interest is the observation that global humidity 
changed very little between the years 1987 and 1988. This is despite the fact 
that 1987 was an El Nifto year. This caused increased rainfall in many parts of 
the world, but also droughts, for instance in central Australia, much of Africa 
and northeastern South America, which meant that the mean annual rainfall for 
1987 was actually lower than that for 1988. The temperature differences 
between the years contributed to changes in vapour pressure deficit values and 
gave noticeable regional effects to LAI and NPP, but the mean global vapour 
deficit did not alter much (2.4 x 102 Pa for 1987 and 2.3 x 102 Pa for 1988). 
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The differences in LAI and NPP between the years 1987 and 1988 from 
the ISLSCP climate data have indicated the model's sensitivity to annual 
climatic differences. 
Areas where the slab climate data are in error in relation to actual data 
have been identified within this chapter. This means that greater confidence can 
be given to the level of accuracy of outputs from the DOLY model (water and 
soils version) than previously. For instance, the high LAI and NPP values in 
central Australia, and the low values in the Sahel for the present-day can be 
attributed to inaccuracies in the slab precipitation data. It is important to rectify 
these errors in the slab climate data as the and areas where they are incorrect 
are most at risk from adverse effects caused by climate change. It is also 
important to ensure that the present-day data is as accurate as possible to 
produce a realistic projection of future vegetation distribution. 
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CHAPTER 8 
8.0 Modelling global distributions of LAI and 
NPP using the DOLY model run with transient 
climate data, 
8.1 Introduction 
Chapters 5 and 6 demonstrated how climate change effects may be 
modelled using the DOLY model. In Chapter 5a life-forin model was used to 
demonstrate the possible movement of vegetation in response to climate change 
as simulated by the UKMO (United Kingdom Meteorological Office) slab 
model. In Chapter 6, feedbacks between climate and vegetation were simulated 
by coupling the DOLY model to the slab model and there was an analysis of the 
effect of climate change on values of leaf area index (LAI) and net primary 
productivity (NPP) using the climate predictions from the slab model. The 
UKMO has recently made available transient climate data for the period 1831 to 
2 100 produced by Unified Forecast and Climate Model, a full Ocean- 
Atmosphere model. The data is from the version of the model known as 
HadCM2 (2nd Hadley Centre Coupled Model). These data provide a more 
accurate simulation of a possible future climate than the slab model as they 
account for sulphate aerosols (which reduce the rate of warming) as well as 
atmospheric C02 (scenario IS92a, see IPCC, 1995). Further details on this 
particular version of the GCM can be obtained from Johns et aL (1997). 
The aim of this chapter is to present global maps of LAI and NPP as 
predicted by the DOLY (water and soils version) model for three time periods 
representing the pre-industrial era, the present day and the year 2100 to show 
how these values vary with a simulated climate change. Values of global NPP 
and LAI have been calculated for each of these time periods. The values of LAI 
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and NPP are for natural vegetation with no allowance made for disturbance of 
either a human or natural type. 
8.2 Methods 
The DOLY (water and soils version) model was run with the transient 
climate data for the period 1861 to 2100 (i. e. it was integrated forward from 
1861 to 2100). Three time periods: 1861-1870; 1988-1997; 2091-2100 were 
then selected from this run. These time periods were selected to be 
representative of- i) a time before atmospheric C02 concentrations started to 
increase with the pollution of the industrial revolution, ii) the present-day; and 
ii) a time when the concentration of atmospheric C02 is expected to have more 
than doubled. These periods are in effect "snapshots" of a complete transient 
run, as soil carbon and nitrogen carry through from one time period to another. 
These climate data consist of one file containing the latitude and longitude of 
each grid cell and four other files containing mean maximum temperature, 
mean minimum temperature, precipitation and humidity for each month of the 
year. The precipitation and humidity are mean monthly values. The maximum 
and minimum monthly temperature were totalled and divided by two to 
determine the mean monthly temperature for each cell. The transient data are 
on a 2.5" by 3.75" global grid. There are 1631 terrestrial cells in total. The 
temperature and precipitation data for the period 1931 to 1960 were cross- 
checked against the IIASA climate dataset (Leemans and Cramer, 1991) by 
Wolfgang Cramer. It was found that the modelled data differed noticeably 
from the HASA dataset across the globe for these two variables. In order to 
correct for these anomalies, Cramer created correction files that adjusted the 
modelled data to the same values as the HASA dataset for the 1931 to 1960 
period. This correction factor was then used in conjunction with the rest of the 
transient data. The implicit assumption with this technique is that the modelled 
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data for the years outside the 1931 to 1960 period would require this same 
adjustment factor. It is also assumed that the increases in atmospheric C02 and 
the other greenhouse gases have been modelled correctly so that the trends in 
the data are correct. 
The DOLY model (water and soils version) was run with the corrected 
transient climate data for each year within the three time periods. The 
atmospheric C02 value was altered for each year according to the IPCC IS92a 
scenario (the 10 year global mean values are shown in Table 8.1). The LAI 
values for each year were then totalled and divided by 10 to derive a mean 
value for eachIO-year period. This method was repeated with the NPP values. 
This technique averages the interannual variability. 
8.3 Results 
Global maps of the I 0-year mean values of LAI and NPP were plotted 
for each of the three time periods, 1861-1870; 1988-1997; 2091-2100. These 
are shown in Figures 8.1 to 8.6 respectively. Figures 8.1 and 8.2 show the LAI 
and NPP values for the time peiod 1861 to 1870. It can be seen that the values 
of LAI range from 0 to 9 globally, with north-east Asia having values of the 
order of 0 to 2, the northern savanna/Sahara desert boundary in Africa has 
values between 0 and 3, south-western Australia has LAI values of less than 2, 
much of Europe ranges between 3 and 5 as does the eastern seaboard of 
America and southern Africa. The Gobi desert and the southern Russian steppe 
both have LAI values of less than 1, as does the Sahara desert and much of 
Saudi Arabia. The rain forest regions of South America, Zaire and Indonesia 
have LAI values exceeding 7. 
Figure 8.2 shows a global range in NPP of between 0 and 
14 tC ha -I yr - 1. The highest values of NPP, as with LAI, occur in the 
equatorial rain forest regions with values exceeding 10 tC ha -I yr - 1. Much of 
Europe has NPP values which range between 3 and 6 tC ha -I yr -I with the 
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Figure 8.1 Global distribution of LAI averaged for the period 1861 to 1870. 
Figure 8.2 Global distribution of NPP (tC ha-I yr -1) averaged for the period 
1861 to 1870. 
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eastern seaboard of America having an NPP up to 10 tC ha -I yr - 1. Desert 
areas have NPP values of less than I and the tundra regions range between 0 
and 3 tC ha -I yr - 1. Figures 8.3 and 8.4 show the model predictions for the 
present day climate for LAI and NPP. A number of changes from the pre- 
industrial distribution become evident. For example, in Figure 8.3 it can be 
seen how there has been a slight increase in LAI of I on the fringes of the 
desert areas. LAI has also increased in north-east Asia and northwestern 
Canada by I to 2. Elsewhere, for instance in southern China, and the southern 
fringes of the African rain forest, the LAI has decreased by 1. In South 
America the LAI has increased in Brazil by I to 2. Slightly different patterns 
emerge with the NPP values (Figure 8.4). In the rain forest areas NPP has risen 
by I or 2 tC ha-lyr -1 and the higher values cover a wider area than those from 
the pre-industrial era. In north-east Asia, Europe, eastern America and 
northern Canada the NPP values have also risen by I or 2 tC ha- I yr -1. Such a 
change is more significant in the higher latitudes due to the lower initial NPP 
values. On the desert fringes on the Gobi, the Australian and Saharan deserts 
the NPP has also risen by 1 tC ha- I yr -. 1. 
These LAI and NPP values have not been tested against other data, or 
compared with the results from other models as the transient data have only 
recently become available. However, it would be interesting to compare the 
LAI and NPP predicted by other models using these data with those from 
DOLY as well as to compare the transient data from the UKMO with similar 
data from, for example, the atmospheric general circulation model ECHAM. 
This GCM has been developed at the Max-Plank-Institut in Hamburg and the 
climate data used by Claussen (Claussen, 1996) to drive the BIOME model of 
Prentice et al. (1992). Validation issues concerning the DOLY model are 
discussed in Chapter 9. 
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Figure 8.3 Global distribution of LAI averaged for the period 1988 to 
1997. 
Figure 8.4 Global distribution of NPP averaged for the penod 1988 to 1997. 
250 
Finally, if we now consider the future scenario for the period, 2091 to 2100 
(Figures 8.5 and 8.6) it becomes immediately apparent that there have been 
major changes in both LAI and NPP. Looking at the LAI changes first of all 
(Figure 8.5), it can be seen that there has been an encroachment into many of 
the desert areas particularly the southern steppe of the USSR and the Gobi 
desert, "ith LAI values rising by 2 and 3 in some places. Also, along the 
northern savarmah-Sahara desert boundary, there has been a shift northwards 
with LAI values increasing by I or 2. In Australia, there has actually been a 
decrease of I on the eastern boundary of the desert but there has also been 
increase of around I on its southern fringes. Elsewhere, in the rest of the world 
much of Europe, North and South America, as well as central and southern 
Africa show increases in LAI of up to 3. The boreal forest-tundra boundary 
also shows marked changes where LAI values have increased from 2 or 3 for 
the present-day to 5 or 6 for the period 2090 to 2 100. Figure 8.6 shows the 
effect of changing climate on NPP values (it should be noted that the scale is in 
steps of two to account for the greater range of values). Across much of the 
world the NPP has increased by around 2 or 3 tC ha -1 yr -1 with marked 
increases of up to 6 tC ha -1 Yr 'I occurring in the rain forest regions. The 
encroachment on the desert boundaries is evident as is the shift northwards of 
the savannah-Sahara desert boundary and the shift northwards of higher NPP 
values in the boreal regions where boreal forest encroaches into the tundra. 
These effects are due to warming in the high latitudes which has been shown to 
be an important factor in the movement of the boreal forest northwards in 
Chapters 5 and 6. Also, the amount of soil moisture and evapotranspiration 
have an important impact on LAI and NPP in the drier regions with a changing 
climate and elevated C02, Carbon dioxide moderates the effect of warming in 
the more and regions of the world by increasing the water use efficiency of the 
vegetation. 
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Figure 8.5 Global distribution of LAI averaged for the period 2091 to 2 100. 
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Figure 8.6 Global distribution of NPP (tC ha-I yr-1) averaged for the period 
2091 to 2100. Note that this scale in steps of 2. 
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Table 8.1 shows how the global LAI and NPP change over time with 
the transient data. It shows that between the pre-industrial em and the year 
2100, the global NPP increases by 70% and the LAI increases by one third. 
The global vegetated area also increases by 5%. Also the LAI and NPP values 
show a much greater increase between the periods 1988 to 1997 and 2091 to 
2100 compared with 1861 to 1870 and 1988 to 1997 due to the greater 
increase in temperature and atmospheric C02 concentration. This is also 
reflected in the increase in vegetated area. 
Table 8.1 Total global NPP, mean global LAI, and the global vegetated area 
predicted by the DOLY model (water and soils version). The model was run 
with the UKMO transient climate data for the periods 1861,1997 and 2100. 
The global land area is 136 x 106 kM2. 
Time period Total global Mean Global vegetated 10 year mean 
NPP (Gt C yrl) global 
LAI 
area 
(X 106 kM2) 
atmospheric 
C02 (Pa) 
1861 to 1870 48.5 3.6 
1988 to 1997 55.0 3.8 
2091 to 2100 81.6 4.8 
114.2 28.9 
115.5 36.0 
120.3 76.8 
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8.4 Discussion and conclusion 
This simulation has demonstrated the possible impacts of elevated C02 
and a changing climate on LAI and NPP at both the regional and the global 
level. The greatest changes are likely to occur at the boreal forest-tundra 
boundary as has been shown by other authors (Bonan el el., 1990,1992 
Shugart el al., 1986; Solomon, 1986; Lenihan, 1993), as well as at the 
savanna-Sahara desert boundary. This assumes that the UKMO transient 
model is a good predictor of a future climate. it is also interesting to note the 
shrinking of the Gobi desert and the southern steppes, which offers promise to 
the possibility of agriculture in previously and lands. Obviously there has been 
no element of disturbance in this simulation and it is extremely likely that the 
impact of forest fires, %Nrill cause greater changes in the short-term. Also, it is 
assumed that vegetation will be able to respond to these changes in climate but 
this is not always possible where human activities play a major role. This 
simulation has been useful in that it has identified possible sensitive areas of 
change and shown the magnitude of changes caused by changes in C02 and 
climate as simulated by the UKMO Unified Forecast and Climate Model. These 
areas of change are similar to those noted by Claussen (1996) using ECHAM 
and the BIOME model of Prentice el aL (1992) although vegetation types as 
opposed to LAI and NPP were used in their simulation for a climate with 
elevated C02 (1145 ppm (114.5 Pa)) and a global mean surface temperature 
approximately 2.41C higher than today. 
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CHAPTER 9 
9.0 Validation issues 
9.1 Introduction 
This thesis has been concerned with the development of the DOLY 
model, its sensitivity to the soil and climate inputs, and the use of its outputs 
within other models. It has been stressed throughout that it is very difficult to 
validate the output from this model with observed data in the field or with other 
models. 
The aim of this chapter is to discuss the issues of validation and to place 
the problems encountered with DOLY within this context. Other workers 
(Beerling and Woodward, 1998 and Beerling et al., 1997) have recently 
attempted to validate the latest version of the vegetation model, the SDGVM 
(Sheffield Dynamic Global Vegetation Model). Their results are presented here 
as a reference against which to compare the results from the DOLY (water and 
soils version) model. 
All models need be constantly monitored and assessed during their 
development to ascertain their level of accuracy in relation to the variable they 
are modelling. This also ensures that their output is sensible with regards to the 
'real' world. 
The act of validation can be defined as a conformation or corroboration, 
as opposed to verification that proves something to be true. However, some 
authors (Oreskes et aL, 1994), are highly critical of the whole concept of 
validation and discuss problems with the philosophy, as well as the terminology 
used in the process of validation. 
Validation may be divided into two main types: structural (or 
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conceptual) and empirical. Structural validation is concerned with how the 
model represents the real world and the importance of the parameters used 
within the system. Such a validation is concerned with the correspondence of 
actual processes, system properties and measurements, to processes, parameters, 
and state variables in the model. Empirical validation, on the other hand, is 
concerned with the comparison of model predictions with observations from the 
actual system being modelled (Mitchell & Sheehy, 1997). The differences that 
arise from such a comparison need to be assessed to determine how well the 
model has performed. 
It would be impossible in principle, to fully verify the DOLY model 
output, but is possible to make some attempt to validate it by comparisons with 
actual data, satellite data and with other models. However, none of these 
comparisons can be described as a truly empirical validation. Actual data are 
prone to errors, and, although satellite data and the output from other models, 
are both derived from the real world, they are, by no means, a fully accurate 
representation of it. It is important though, to try to obtain some indication as to 
a model's performance. 
Most modellers use regression techniques to compare observed data with 
those predicted by their model (Aber and Federer, 1992; Woodward et al., 1995; 
Parton et al., 1993 ), or compare their results with output from other models 
(Raich et al., 199 1; Neilson and Marks; 1995; Ryan et al., 1996a, b ). Some, 
Prentice et al., (1992), have used the kappa statistic to compare their model 
output with actual global vegetation data, but made the point that this statistic is 
not a perfect measure of similarity between maps. Monserud and Leemans 
(1992) admit that the kappa statistic has its limitations when comparing two 
maps with a large number of grid cells (e. g. 62,483 terrestrial land cells on a 0.5 
xO. 5 degree global grid), as any two maps of such a sample size would be 
classified as being significantly different. Prentice et al. (1992), however, did 
develop a continuous kappa statistic that produced better results, as it was 
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dependent on block size and on the proportion of pixels that agreed, instead of 
being just a simple pixel by pixel comparison. 
The DOLY model predicts the mean LAI for a given grid square over a 
year and its NPP is for the vegetated fraction of the grid square. Many 
ecological studies have recorded LAI and NPP values for a number of sites 
across the world, but these are at specific points for individual vegetation types 
(Shaver& Chapin, 199 1; Sollins et al., 1980; Woodmansee et al., 1978). In 
many cases there is a good deal of uncertainty with regards to the accuracy of 
some of this experimental data and the error limits of field measured rates of 
annual NPP can be of the order of 20% (Raich et al., 199 1). In addition to this, 
it is unclear how much of the NPP occurs below-ground. In the case of LAI, 
there has been much work undertaken to derive an estimate of LAI from 
satellite data. This has met with varying degrees of success, and usually 
involves the introduction of correction factors. One of the more recent and 
promising approaches has been made by Nemani and Running (1996) who have 
produced a global LAI map from NDVI derived from AVHRR satellite data. 
Also, DeFries and Townshend (1994) have used NDVI to classify land cover at 
continental scales. 
Woodward et al. (1995) tested the LAI and NPP output from DOLY 
(standard version) for 35 sites across the world. They stressed that because of 
significant errors associated with field observations, the comparison with such 
data is not a strong test of the model. Having said this the results presented 
show a good agreement between the simulated and observed NPP and the 
simulated and observed LAI at the sites selected. 
More recently, further attempts have been made to validate output from 
the DOLY model. Such work has focused on the SDGVM which in effect is a 
combination of the DOLY model (water and soils version, see section 2.3) and a 
patch model which incorporates the growth, development, death and disturbance 
of vegetation. The results from the following two examples (sections 9.2 and 
9.3) would be the same if the DOLY (water and soils version) had been used 
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alone. The patch model component of the SDGVM does not impact on the 
outputs and processes of the DOLY model. 
Beerling and Woodward (1998) used the near-surface meteorological 
and soil texture data from the ISLSCP (International Satellite Land Surface 
Climatology Project) database (Sellers et al., 1995; Meeson et al., 1995) (see 
section 7.2 for further details) for 1988, to drive the SDGVM. The year, 1988, 
was taken as being representative of the present-day due to the availability of 
climate and satellite data with which to run and test the model. They compared 
modelled LAI and NPP with the NDVI (normalised difference vegetation index) 
values (see section 6.3 for further details), derived from satellite data, and also 
supplied as part of the ISLSCP database. NDVI is positively correlated with 
vegetation foliage (Goward et al. 1985; Justice et al. 1985) but this relationship 
is non-linear (Nemani and Running, 1996). This approach may be described as 
an attempt at empirical validation. In addition to this comparison, they carried 
out an additional model run using the UKMO (United Kingdom Meteorological 
Office) general circulation model (GCM) transient climate data for the present- 
day. These climate data, and the adjustments made to them, are described in 
Chapter 8. The LAI values using the GCM climate data were compared with 
those from the model run with the ISLSCP data for 1988. 
An alternative approach using structural validation was adopted by 
Beerling et al. (1997). They carried out work in Norway as part of the EU 
CLIMEX (climate change experiment) project and tested various model 
processes from the SDGVM against actual experimental data. 
The results of both these approaches to validating the DOLY model will 
be presented and discussed in this chapter. 
9.2 Empirical validation of the DOLY model 
Beerling and Woodward (1998) ran the SDGVM with the ISLSCP near- 
surface meteorological data for the years 1987 and 1988 on aP by P grid. The 
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ISLSCP soil texture data were also used. Additional model runs were carried 
out using GCM climate data for the years 1987 and 1988 on the lower 
resolution of a 2.5" by 3.75" grid. In both cases the SDGVM was spun-up to 
allow the soil carbon and soil nitrogen stores to reach an equilibrium state with 
the vegetation stores. This usually takes around 100 years. The HASA climate 
dataset (Leemans and Cramer, 1991) was used for the spin-up and then the 
model was run with the ISLSCP data for 1988. This Process was repeated with 
the GCM data. The model predictions of LAI were used to derive the mean 
growing season LAI and mean annual LAI. These were then plotted on global 
maps by Beerling and Woodward (1998) for both the ISLSCP and GCM data. 
Beerling and Woodward (1998) found that the overall spatial pattern of 
mean growing season LAI was similar for both sets of predictions (ISLSCP and 
GCM) with high LAI values (up to 8) in the equatorial rain forests, intermediate 
values in the boreal forests and deciduous forests (3 to 5) and low values (<2) 
for deserts and grasslands. A comparison of the maps of growing season LAI 
and annual mean LAI, highlighted the regions of cold and drought deciduous 
vegetation in Africa, North and South America, Europe and Siberia. Maps of the 
LAI values from the GCM data and from the ISLSCP data also showed 
differences. For instance, there was no forest fringe along the east coast of 
Australia or the Pacific North West coast of the USA using the GCM data. The 
runs with the ISLSCP data showed too much vegetation in the southern Sahara 
and there was an underestimation of vegetation LAI in the high latitudes. 
The resolution of the ISLSCP predictions was reduced to that of the 
GCM grid (2.5" by 3.75") and the mean annual LAI values derived from the 
GCM data (referred to as HadCM2) were then plotted as a regression against the 
mean annual ISLSCP LAI values. The results are shown in Figure 9.1. If there 
was perfect agreement all the points would lie on a line at 45* to the x-axis with 
an intercept of zero on the y-axis. This does not occur although the slope of the 
regression line in Figure 9.1 is close to one and the intercept close to zero. 
An alternative approach to validation using such data was put forward 
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Figure 9.1 Global-scale correlation of the ISLSCP and HadCM2 predictions of 
mean annual LAI. The linear regression has the equation: 
LAI (HadCM2) = 0.41 + 0.87xLAI (ISLSCP), r2 = 0.892, n=1505 
by Mitchell (1997). He rejects the use of regression analysis as a tool for 
empirical validation, because he states that the main purpose of regression 
analysis is as a tool of prediction, i. e. to predict values of y from values of x. In 
this particular case, it was not intended to predict GCM LAI values from the 
ISLSCP LAI values. It is possible to determine the difference of the slope of the 
regression line from a one-to-one relationship by setting a null hypothesis that 
the slope equals one and using a statistical test (F-test or Mest) to attempt to 
disprove this. If this test fails then the slope could be said not to differ 
significantly from unity. Mitchell (1997) points out such a test cannot be 
successful. This is because the more scatter in the points the greater the standard 
error of the slope and the smaller the computed value of the test statistic. It is 
therefore harder to reject the null hypothesis. The null hypothesis can either be 
rejected because the slope is not really different from unity or 
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because there is too much scatter around the line, (Mitchell, 1997). An 
improved approach to evaluating models is to examine the deviation between 
the two output datasets, in this case the ISLCP LAI minus the GCM LAI data. 
If the deviation is then plotted against the LAI from either model it provides 
some indication to any bias in the data and this can be used to estimate the 
range of accuracy of the prediction. 
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Figure 9.2 Plot of LAI differences (LAI (HadCM2) - LAI (ISLSCP)) against 
mean annual LAI projected from the ISLSCP CD-ROM. There is no 
statistically detectable trend in the differences, with LAI. 
Figure 9.2 shows no observable bias in leaf area index as the plot of 
differences in LAI shows no trend with LAI. The slope from negative values to 
the zero intercept on the y-axis indicates that the LAI has a minimum value of 
zero. This type of plot probably emphasizes the less frequent extreme points 
and suffers from a degree of overlap due to having so many points (15 05 in this 
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case). In order to obtain a quantitative picture of the distribution of differences, 
the LAI differences were converted to a frequency histogram (Figure 9.3). 
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Figure 9.3 Histogram of the LAI differences shown on figure 9.2 
Figure 9.3 shows close agreement between the LAI values from the 
ISLSCP data and those from HadCM2. Over 75% of the cells agree within a 
range of ± 1, and 95% are within an LAI range of ± 2. The range of actual 
values of LAI are between 0 and 9. The differences that do arise between the 
data from the two models are attributed partly to the fact that the ECMWF 
model is designed to address inter-annual differences, for instance during and 
following an El Nifto event (Diaz & Markgraf, 1992). 
The second test of the model predictions of LAI by Beerling and 
Woodward (1998) was against observations of vegetation by satellites using 
NDVI, which is related in a non- linear saturating manner to LAI (Nemani and 
Running, 1996). The NDVI is based on actual vegetation and includes areas 
which have been urbanized and agricultural regions, where natural vegetation 
has been removed. This means that a comparison between NDVI and model 
predictions of LAI cannot have perfect agreement. The NDVI is also sensitive 
to bare soil characteristics, but the effect of these characteristics on the annual 
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index is unknown. Ideally, the vegetation model should predict reflected fluxes 
of radiation and these fluxes could then be compared with those measured by 
the satellite. Also, it is difficult to determine the exact effect of vegetation on 
the reflected fluxes due to atmospheric attenuation through clouds and aerosols. 
A comparison was made between the annual mean LAI values driven by 
both climate models and annual mean NDVI. There was a good deal of scatter 
between LAI from the ISLSCP 1988 climatic data and the NDVI as shown in 
Figure 9.4, but the asymptotic relationship between NDVI and LAI can be seen. 
Figure 9.4 Relationship between annual mean LAI predicted from the ISLSCP 
1988 climate data and the annual mean NDVI. An exponential regression line 
provides a general fit to the data, in which LAI = 0.35 xe6.45NDVI, with r2= 
0.79. 
The data were transfon-ned by logarithms to the base 10 (after adding I 
to each LAI value to avoid the situation of log 10(0) if LAI = 0) as the 
relationship between LAI and NDVI is broadly exponential (Figure 9.4). For the 
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ISLSCP runs (1987 and 1988), LAI=1.012 x e4.28NDVI and loglo (LAI+l) 
=0.005 +1.859NDVI (r2= 0.84) and for the HadCM2 runs, loglo (LAI+l) 
=0.052 + 1.733NDVI (r2= 0.8). The estimated value of loglo (LAI+l) from the 
NDVI, is then subtracted from the vegetation model predictions of loglo 
(LAI+l) to produce an LAI difference or residual. These residuals were plotted 
against mean annual NDVI and a histogram produced for a quantitative 
assessment of the similarity between predictions and observations. This 
histogram is shown in Figure 9.5. 
The LAI values derived from these equations for a range of NDVI 
values between 0 and 0.6 were compared with those from the equation used by 
Nemani and Running (1996) for broadleaf canopies. For NDVI values less than 
0.4 there was reasonable agreement (the ISLSCP 1988 and HadCM2 LAI values 
were within 20% of the Nemani and Running (1996) LAI values for a given 
NDVI) but as the NDVI increases from 0.4 to 0.6 there is less agreement. This 
is due to the rapid rise in LAI beyond an NDVI of 0.4 as shown in Figure 9.4. 
Figure 9.5 shows that 46% of observations fall within a LAI range of 
± 1.26 and 82% fall within a LAI range of ± 1.58.95% of observations fall 
within a range of ± 2. The differences that arise between the two datasets may 
be attributed to the fact that the ISLSCP data does not predict the high LAI 
values of the Pacific North West forests of the USA and the forests of southern 
Chile (the GCM data are also deficient in these areas). Also, there are high 
values of the NDVI in areas such as south-west England and Ireland which are 
not shown in the ISLSCP data. These areas have high rainfall and are dominated 
by intensive agriculture and grasslands. Such factors probably account for such 
high NDVI values, which are comparable to those from the equatorial rain 
forests (Beerling and Woodward, 1998). 
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Figure 9.5 FEstogram of the calculated LAI differences (see text) between 
ISLSCP 1988 LAI and mean annual NDVI. Note that the LAI range is in terms 
of loglo. A range of ± 0.1 is equal to an LAI range of ± 1.26. A range of ± 0.2 
is equal to an LAI range of ± 1.58. 
The same analysis, as with the ISLSCP 1988 data, was repeated with 
the GCM data and the histogram of the results is shown in Figure 9.6. Figure 
9.6 shows that 44% of observations fall within LAI range of ± 1.26 and 78% 
fall within LAI range of ± 1.58.95% of observations fall within range of ± 2. 
The differences that arise between these two datasets may be attributed to the 
fact that in eastern and south-west Australia the GCM predictions fail to 
predict high LAI. There were also differences in the Pacific North West forests 
of America and the forests of southern Chile, as mentioned earlier. 
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Figure 9.6 Histogram of the calculated LAI differences (see text) between 
HadCM2 LAI and mean annual NDVI. Note that the LAI range is in terms of 
log 10. A range of ± 0.1 is equal to an LAI range of ± 1.26. A range of ± 0.2 is 
equal to an LAI range of ± 1.58. 
Overall there is good model agreement between LAI inferred from 
NDVI and model predictions of LAI if the differences that have been noted 
between the datasets are taken into account. The global patterns of LAI show 
good agreement between the vegetation model runs using the two sources of 
modelled data. Beerling and Woodward (1998) estimate that the overall global- 
scale accuracy of LAI is about ± 1.5 after allowing for the various combinations 
in errors in the data and the model itself. 
Productivity results from the photosynthetic activity of leaves, so NPP 
is closely correlated to vegetation LAI (Woodward et al. 1995). NPP is also 
therefore, linked to NDVI. The photosynthetic activity of the leaves is, 
however, also influenced by climate and edaphic factors (Beerling and 
Woodward, 1998). 
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The same procedures were carried out to test the predictions of NPP as 
with LAI from the model using the ISLSCP 1988 and GCM data. The NPP 
values from these datasets were compared with those transformed from the 
NDVI data. The histogram of the NPP differences for 1988 is shown in Figure 
9.7 and for the GCM data in Figure 9.8. 
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Figure 9.7 Histogram of the calculated NPP differences between ISLSUP 1988 
NPP and mean annual NDVI. Note that the NPP range is in terms of loglo. A 
range of ± 0.1 is equal to an NPP range of ± 1.26 tC ha-I yr-1. A range of ± 0.2 
is equal to an NPP range of ± 1.58 tC ha-I yr-1. 
Figure 9.7 shows that 80% of the predictions in NPP fall within a range 
of ± 1.58 tC ha-I yr-I of the predicted relationsl-ýp between NDVI and NPP 
with 90% of observations between within about ±2 tC ha-1 yr-1. The range of 
actual NPP values are between 0 and 13 tC ha-I yr-1. Figure 9.8 shows a 
sin-fflar range of variation with the GCM data with 78% of the predictions 
failing within the range ± 1.58 tC ha-I yr-I of the predicted relationship 
between NDVI and NPP and 90% of observations between within about 
±2 tC ha-1 yr-1. 
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HadCM2 NPP/NDVI comparison 
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Figure 9.8 Histogram of the calculated NPP differences between GCM NPP 
data and mean annual NDVI. Note that the NPP range is in terms of log 10. A 
range of ± 0.1 is equal to an NPP range of ± 1.26 tC ha-I yr-1. A range of ± 0.2 
is equal to an NPP range of ± 1.5 8 tC ha- I yr- 1. 
Beerling and Woodward (1998) point out that a previous analysis 
relating observed and predicted NPP using the vegetation model (Woodward et 
aL 1995) indicated a maximum uncertainty of NPP predictions of the order of 
1.5 tC ha-I yr-1, when the model was run with observed data. The uncertainty 
increased to ±3 tC ha- I yr- I when the HASA climate data were used to drive the 
vegetation model (Leemans and Cramer, 1991), due to the use of interpolation. 
The variable, NPP, is also difficult to measure in the field and is usually 
recorded as a small areal average. This in effect is a point measurement at the 
global scale. 
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9.3 Structural validation of the DOLY model 
A structural approach to validating the DOLY model was adopted by 
Beerling et aL (1997) as part of the CLIMEX (climate change experiment) 
project. This project aimed to quantify a whole ecosystem response to climate 
change (C02 and temperature) (Dise & Jenkins, 1995), and to link specific 
studies of vegetation and soils with large-scale catchment measurements of 
nutrient fluxes and hydrology. Beerling et aL (1997) ran the SDGVM for a site 
in Norway (Risdalsheia, 5 8* 23'N, 8" 19' E) and compared the model results 
with actual data from the CLIMEX project for that site. The SDGVM was tested 
against several spatial scales and processes. At the leaf scale, leaf 
photosynthesis and water vapour fluxes of mature trees (Beerling and 
Woodward, 1994,1996; Beerling et aL, 1996) were predicted from climate data 
and compared with observations. The SDGVM was also used to predict the 
likely responses of several ecosystem processes (photosynthesis, NPP, runoff 
and soil carbon concentration) and structural features (LAI) to future global 
environmental change. The model was run for the 1994 to 1995 period after 
having been spun-up with local climate data for the period 1961-1984. The 
comparisons were between mean monthly fluxes predicted by the model from 
the climate data and the instantaneous gas measurements on pine (P. sylvestris 
L. ) between 0900 h and 1500 h over two days within a particular month. 
The results described by Beerling et aL (1997) show predicted values of 
photosynthesis and stornatal conductance of similar orders of magnitude to the 
field measurements. However, photosynthetic predictions accounted for only 
26% of the variance between the model predictions and observations. This was 
partly attributed to the very different time scales of the measurements and 
predictions (i. e. monthly means from the model versus instantaneous 
measurements made on individual days within a given month), (Beerling et aL, 
1997). There was a better prediction of stomatal conductance with the model 
explaining 65% of the variance between observations and predictions. The 
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processes of nutrient cycling, leaf gas exchange and canopy development 
therefore appear to be adequately represented by the SDGVM as there is 
reasonable agreement between the model results and the experimental data. 
Beerling et aL (1997) discussed the effect of down-regulation of 
photosynthetic proteins for plants growing under elevated C02, but mentioned 
that there had been no evidence that this had occurred to date at the CLIMEX 
site. They attribute the stimulation of photosynthesis with the climate change 
treatment to the raised intercellular C02 within the pine needles which can be 
predicted adequately by the model. 
The model was also tested at the ecosystem level. Modelled values of 
the soil nutrient status and catchment runoff were compared with the field data. 
Catchment runoff may be defined as the difference between precipitation 
(including additional water from stemflow and leaf drip) and evapotranspiration 
(bare soil evaporation and vegetation transpiration) minus any water stored in 
the soil. Runoff was simulated from 1992 to 1995 for comparison with 
measurements collected as part of the RAIN (1990-1993) (Wright, 1994) and 
CLIMEX (1994-1995) (Jenkins, 1996) projects. 
The model performed extremely well for this period with the modelled 
catchment runoff values very close to the observed values. A regression of the 
two datasets explained 92.2% of the variance. The model predictions also 
showed reasonable agreement (46%) with soil moisture for the period June 
1994 and August, 1995. 
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9.4 Discussion 
This chapter has highlighted the issues and problems that arise when 
attempting to validate output from a model at a global scale. 
The variables, LAI and NPP, are notoriously difficult to validate due to 
the scarcity of field data and also the accuracy of the field data itself. NPP is 
particularly inaccurate (Hall & Scurlock, 1991). In addition, point 
measurements do not provide estimates of mean LAI or NPP at the landscape 
scale, which is the finest scale of resolution of the vegetation models (Beerling 
and Woodward, 1998). 
One of the limitations of the DOLY model is that it assumes that all 
vegetation is mature and that it is unaffected by human land-use activities, such 
as agriculture. Crops, pastures, plantations and successional vegetation need to 
be included. This leads to further problems when comparing LAI predicted by 
the model with that observed by satellite. 
Satellite remote sensing has the advantage of being able to scan rapidly 
the whole of the earth! s surface on a regular basis. There are however a number 
of problems with this technique such as the attenuation of the radiation fluxes 
by the atmosphere, instrument calibration, and different look-angles towards the 
vegetation. Also, the conversion of data to normalised indices tends to reduce 
the quality of the data particularly if it is used in correlative mode with the 
output of the vegetation model. Ideally, a radiative transfer model should be 
included in the vegetation model so that reflected solar radiation into space is 
predicted. This radiation can then be compared with the data from the satellites. 
Models are always limited to a certain extent by their underlying climate 
dataset and observational data are not available at the landscape scale. 
Interpolation techniques are therefore necessary to give a global coverage but 
these appear to reduce the accuracy of the climate data (Beerling and 
Woodward, 1998). 
Despite these problems, the empirical validation by Beerling and 
Woodward (1998) showed that it is possible to estimate vegetation NPP and 
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LAI from the SDGVM and to obtain quite accurate global-scale predictions. 
Such predictions have been based on a model which scales up from well- 
characterized plant, canopy and soil processes at the point scale to the full 
global scale (Beerling and Woodward, 1998). 
The structural validation by Beerling et aL (1997) also showed that 
the predicted changes in leaf gas exchange, catchment hydrology and soil 
nutrient status compared well with observations. This implies that the processes 
and scaling procedures used in the SDGVM are realistic. 
Overall, the DOLY model has been shown to perform well with regard 
to its processes as well as its outputs. With improved data analysis techniques 
and the development of a radiative transfer model, further improvements to the 
model should be possible. 
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CHAPTER 10 
10 Conclusion 
The DOLY (Dynamic glObaL phytogeographY) model presented in this 
thesis has provided a simple way of investigating the response of global 
vegetation to changes in atmospheric C02 concentration and climatic change. In 
addition the model has been used to investigate the role of vegetation in climate. 
Sensitivity analyses of the climate, atmospheric C02 concentration and 
the soils data used as inputs to the model have given useful insights into the 
behaviour of the model under a range of environmental conditions. 
In addition, the influence of different climate datasets has been 
examined and the issues of validation, with particular reference to the DOLY 
model, discussed. 
Leaf area index (LAI) and net primary productivity (NPP) from the 
DOLY model were used in a life-form model (Woodward and Lee, 1995) to 
predict future distributions of global vegetation with climate change, and the 
DOLY model itself was asynchronously coupled with a slab general circulation 
model (GCM) from the Hadley Centre (Jones et al., 1995) to examine feedbacks 
between climate and vegetation (Betts et al., 1997). It was also run with 
transient climate data to predict future values and distributions of LAI and NPP 
up to the year 2 100. These data are from the version of the model known as 
HadCM2 (2nd Hadley Centre Coupled Model) (Johns et al., 1997). 
There are a number of limitations to the DOLY model and these need to 
be considered. 
First of all the calculation of NPP from assimilation and maintenance 
respiration is dependent on whole plant allocation. Woodward et aL (1995) 
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were able to partition photosynthate between leaf and other tissue in a consistent 
way, by restricting LAI. The calculation used by the model assumes that all of 
the leaf tissue allowed by carbon and moisture constraints is synthesized in one 
growing season or year, which does not occur in reality. This is particularly true 
of evergreen vegetation. Therefore, there is likely to be a slight overestimation 
of NPP. This has been remedied to a certain extent by increasing the amount of 
maintenance respiration in the water and later versions of the DOLY model. 
Furthermore, it is assumed that the mass of nonleaf tissue associated with 
maintenance respiration is constant over the growing season or year and is equal 
to the amount of nonleaf tissue that is synthesized during the period. The 
senescence of nonleaf tissue should occur at the same rate as nonleaf tissue is 
synthesized for this assumption to hold true. Again this assumption is only 
approximated in reality and there can be significant variations (Woodward et 
aL, 1995). 
The DOLY model only predicts the LAI and NPP of natural vegetation. 
No account is taken of disturbance factors. This means that in savannah regions 
the LAI and NPP predicted by the model are too high, as disturbance by burning 
is neglected. Also, in agricultural regions such as central North America, much 
of Europe, central Asia and eastern China, there is an overestimation of LAI and 
NPP by the model. Forest management practices would also affect the LAI and 
NPP values in boreal forest areas, such as northern Canada, northem Europe and 
Asia, as well as tropical rain forest regions. More recent work using the 
Sheffield Dynamic Global Vegetation Model (SDGVM) has incorporated fire 
disturbance, which has improved the accuracy of the model in areas such as the 
savannah regions of Africa. 
The movement of vegetation in response to environmental change is 
unlikely to be instantaneous so there will be an element of lag between the 
change in climate and the response of the vegetation. Further work needs to be 
undertaken to determine the speed of response of different ecosystems to a 
change in climate and atmospheric C02 concentration. The life-form model has 
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shown how functional types may respond to a given climate change scenario but 
is not able to deal with individual species. It is not known how such species may 
interact with a future climate. 
Soil phosphorous, which is a particularly important nutrient in the 
Tropics, is currently not modelled within the DOLY model. However, in the 
future, as more experimental data become available and modelling techniques 
improve, this component could be incorporated into the model. 
In addition to these model limitations there is also the issue of obtaining 
suitable experimental data against which to validate the model. This thesis has 
provided data on the model responses for specific scenarios. Future work could 
be carried out in the field or greenhouse to simulate these scenarios and 
compare the results with those from the model. 
Despite the limitations, one of the main strengths of the DOLY model is 
its ability to describe basic plant processes. This enables vegetation response 
mechanisms to be identified, which is particularly important in simulation and 
sensitivity studies, as well as understanding vegetation changes detected by 
satellite remote sensing. In addition, the model can be operated with a small 
number of climate and soil variables. 
The DOLY model is not constrained by an underlying vegetation map or 
parameters allocated to specific biomes. The distribution of vegetation types is 
likely to change with environmental change and this will also alter parameters 
for particular biomes. If different ecosystems respond to environmental change 
in similar ways, the reasons can be identified using the DOLY model. 
A number of conclusions may be drawn from the work carried out for 
this thesis. 
i) The DOLY model is regionally sensitive to its soil inputs, particularly 
soil carbon. If soil carbon is low then nitrogen uptake is high which increases 
NPP, particularly in tropical regions. 
ii) The DOLY model is sensitive to temperature in the high latitudes and 
soil water content in and regions. The northern boreal site, the dry deciduous 
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site and the grassland site were the most vulnerable to climate change mainly 
due to water limitations. 
iii) The life-form model has shown that the boreal forest-tundra 
boundary will move northwards with a warmer climate and elevated C02. This 
is consistent with the results from other workers (Bonan et el., 1990,1992 
Shugart et al., 1986; Solomon, 1986; Lenihan, 1993). 
iv) Vegetation has an impact on the climate of a GCM. When the DOLY 
model is asynchronously coupled with the UKMO slab GCM 
(Jones et aL, 1995) it leads to a number of regional changes. The most 
noticeable change occurs in north-east Asia where vegetation replaces snow 
under a climate change scenario with increased C02 and with vegetation 
feedback. This leads to an decrease in albedo and an increased temperature of 
between I and 2 K. 
When the physiological and structural components of the model were 
generated it was found that physiological change alone (i. e. changes in NPP) 
had a larger effect than structural change. In the model, structural changes, e. g. 
LAI, seem to be homeostatic (i. e. there was very little change). 
v) The use of different climate datasets affects the output of the DOLY 
model. The slab GCM has been shown to underestimate rainfall in the Sahel and 
overestimate it in central and south-western Australia 
vi) Mean global LAI calculated from DOLY is 4 and mean global NPP 
is 55.6 GtC yr-1. 
vii) The use of transient GCM climate data from the Hadley Centre 
fT I 
knadCM2) has predicted how NPP and LAI will vary regionally by the year 
2 100. There is an increase in LAI and NPP in the high latitudes which is 
consistent with the higher temperatures in these regions and the movement of 
the boreal forest-tundra boundary northwards. The savanna-Sahara desert 
boundary also moves northwards and the Gobi desert and the southern steppes 
of the former Soviet Union were reduced in area by 2100. 
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viii) An updated version to the DOLY model (the Sheffield Dynamic 
Global Vegetation Model (SDGVM)) was recently validated using satellite data 
(Beerling and Woodward, 1998) and data from a field experiment in Norway 
(Beerling et aL, 1997). The validation against satellite data showed that it was 
possible to estimate vegetation NPP and LAI from the DOLY model and to 
obtain quite accurate global-scale predictions. Changes in leaf gas exchange, 
catchment hydrology and soil nutrient status compared well with observations. 
Overall, the DOLY model has been shown to perform well with regard 
to its processes as well as its outputs. 
Future work should include further coupling work with the GCM to 
examine the effect of additional iterations on the GCM, for example, the impact 
of incorporating the temperature rise and associated changes in precipitation in 
north-east Asia back into the GCM. Further improvements to GCMs would also 
help in the simulation of future climates and vegetation. In addition, a study 
concerned with the effects of vegetation on the atmospheric C02 concentration 
and its feedback in climate would prove useful. The DOLY model is now part 
of the SDGVM. This model has the advantages of including soil nitrogen and 
carbon cycling and is able to operate with transient climate data. Additional runs 
with the SDGVM within the GCM would provide additional information as to 
the interactions between vegetation and climate. 
The DOLY model is restricted to a certain extent by the quality of the 
input climate and soils data. This thesis has shown how these data affect the 
model's output. Better climatic data are required as monthly means are often 
inadequate to model complex ecological processes. 
Further improvements to the model could be made by using better data 
analysis techniques and by developing a radiative transfer model to predict 
reflected solar radiation into space. These data could then be directly compared 
with the data from the satellites. 
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APPENDIX I 
I 
Derivation of GCM vegetation parameters 
GCAI vegetation parameters 0 
Vegetated fraction v 
Snow-free albedo Icto 
Deep-snow albedo cts 
Roughness length ZO 
Root depth (m) zd 
Canopy capacity (mm) cm 
Surface resistance (s m-1) rs 
Infiltration enhancement factor Fv 
LAI of vegetated area (M2 leaf M2 covered ground) Lv L/v 
Mean canopy height (m) h 0.807 L& 
2.137 
Calculation of GCM parameters 
1) Vegetated fraction 
exp (-L /L*) (1) 
where L* = 2.0 
2) Snow-free albedo 
cco = aovv + aos(I -v) 
where a0s is the snow (or ice) albedo derived from the WHS map of soil colour 
classes and (xOv is the effective albedo of the vegetated fraction derived from 
the two stream solution of Sellers (1985) for Lv with underlying soil (assuming 
leaf reflection and transmission coefficients of ajs = 0.11, anir = 0.48, T NIS = 
305 
0.06, 'C nir ý-- 0.20). The effective albedo is the annual mean of the albedo 
dependent on zenith angle, ao, (t), weighted with the solar radiation at the top 
of the atmosphere, Rtoa(t), thus: 
-1 1 
ov =fR,. 
(t )(x 
ov 
(t )d t 
. 
(R,.. )T ' 
where T is I year. 
3) Deep-snow albedo 
as = asvv + ass(I-v) 
where (xss ý 0.80 is the deep-snow albedo of bare soil or ice, and (xsv is the 
annual mean albedo of the vegetated fraction derived from the two stream 
solution of Sellers (1985) for Lv with underlying snow (see snow-free albedo), 
4) Roughness length: 
I 
(log 1, /Z )' 
(log' 
b 
/Z 
OV 
)2 
1-v 
(log 1, /Z., )' (5) 
where lb = 550m is the "blending height", zos is the roughness length of the 
bare soil (0.0003m) or ice (0.0001m), and zo, = ýh, Lv) is the roughness length 
of the vegetation derived from the fit to the results of Shaw and Pereira (1982). 
5) Root depth: 
Zd ý-- ZdvV + Zds 0 -V) 
where zds is the root depth of bare soil (0.1 m) or ice (0 m), and zdv 
is the root depth of the vegetated fraction, given by 
Zdv ý-- Zds + 1.4 (1 -expf-h/20)). 
6) Canopy capacity: 
cm= CM + cms (1 -v) (8) 
where cms is the canopy capacity of bare soil (0-5 mm) or ice (0 mm), and cmv 
is the canopy capacity of the vegetated fraction given by 
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cmv--= 0.5 + 0.05Lv, 
7) Surface resistance 
(9) 
I=v+I-v 
(10) 
rS rsv r SS 
where rss is the surface resistance of the bare soil (100 s m-1) or ice (0 s m-1), 
and rsv is the surface resistance of the vegetation provided by DOLY (from 
mean canopy conductance). 
8) Infiltration enhancement factor: 
Fv = Fvvv + F%ps (1-v) (11) 
where Fvs is the infiltration enhancement factor of bare soil (0.5) or ice (0) and 
Fv%, is the infiltration enhancement factor of the vegetated fraction, given by 
F,, = 4 zdv. (12) 
This appendix was produced from equations supplied by Dr Peter Cox of the 
Hadley Centre. 
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APPENDIX 2 
Derivation of relative humidity from the ISLSCP 
dataset 
The relative humidity values were calculated from the ISLSCP data as 
follows. The 0600 and 1200 hours dew point temperature and air temperature 
were extracted for each day, for the years 1987 and 1988. The 0900 hours 
value was calculated by taking the mean of the 0600 hours and 1200 hours 
values. The average 0900 hours value was then calculated for each month of 
the year by totalling the daily values for that month and dividing by the number 
of days in the month. 
Relative humidity expresses the actual moisture content of a sample of 
air as a percentage of that contained in the same volume of saturated air at the 
same temperature. The dew point temperature is the temperature at which 
saturation occurs if the air is cooled at constant pressure without the addition 
or removal of vapour. When the air temperature and dew-point temperature are 
equal the relative humidity is 100%. In general the relative humidity varies 
inversely with temperature during the day, tending to be lower in the early 
afternoon and higher at night. (Bany and Chorley, 1977). 
Relative humidity can be determined from: 
1 0 0 
where esd is the saturated vapour pressure at the dew point temperature, 
and, esa is the saturated vapour pressure at the air temperature. 
(1) 
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Saturated vapour pressure can be calculated for both the air temperature and 
the dewpoint temperature using the following equations: 
e, , d= 6.108 exp((l 7.269td)/(237.3+td))X loo (2) 
where td is the mean monthly dew point temperature 
esa= 6.108exp((17.269ta)/(237.3+ t. ))x 100 (3) 
where ta is the mean monthly air temperature 
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APPENDIX 3 
Derivation of transition matrix elements for the 
life-form model 
LAI and NPP predicted by the DOLY (water and soils version) model are both 
used to determine the proportion of the three main life forms of grass, shrub and 
tree, and the area of bare ground in each grid square. No distinction is made 
between C3 and C4 grasses. In addition, no account is taken of carbon 
conservation, and the turnover of plant parts. Also, there are no disturbance 
calculations, although the life-form model is able to model disturbance. Such 
calculations could easily be incorporated at a later date. The proportion of bare 
ground at vegetation equilibrium is calculated as the fraction of irradiance not 
intercepted by the predicted LAI (Woodward, 1996). 
Variables 
The functional types were allocated the following numbers: 
Bare ground = 0, grass = 1, shrub = 2, tree = 3. 
Ground cover (%) of a functional type, i, is defined as S(i). 
Initial ground cover (%) of 
bare ground, S(O) = 100 
grass, S(l) 0 
shrub, S(2) 0 
tree, S(3) =0 
yr is the number of years for vegetation to reach a new equilibrium starting from 
100% bare ground. This is assumed to occur at 50 years in this thesis. 
L is LAI 
N is NPP (tC ha-1 yr -1 
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T is total vegetated cover (%) 
A O, k) is a transfer coefficient where j and k are functional type numbers 
(0 to 3). A(O, 1) means that the transfer coefficient is the coefficient that is used 
to calculate the rate of change in the fraction of grass relative to bare ground. 
These coefficients vary between life-forms. These empirical coefficients have 
been derived by Professor Ian Woodward based on field observations of life- 
forms and their growth characteristics (Woodward, 1987,1996) and from work 
done by Melillo et aL (1993). LAI and NPP are used to calculate life-forin 
specific rates of establishment and mortality. The rate of change in the fraction 
of the three life-forms is modelled using transfer coefficients. 
Modelling Procedure 
i) Input LAI and NPP derived from the DOLY (standard version). These are 
taken to be the LAI and NPP of the vegetation at equilibrium. 
ii) If LAI and NPP are zero the bare ground cover is set to 1 (i. e. 100%). 
iii) Calculate the fractional bare ground cover, B, as follows: 
B= exp(-O. SL) (1) 
iv) Calculate vegetation cover of the thrýe life-forms using the transfer 
coefficients (see below). 
Transfer coefficients 
Grass to bare ground, A(0,1) 
A (0, I) = 0.03/(exp(-0.4L)) 
Shrub to bare ground, A(0,2) 
A(0,2) = 0.02/( exp(-0.4L)) 
Tree to bare ground, A(0,3) 
A(0,3) = 0.28/L 
Bare ground to grass, A(1,0) 
A(1,0) = (0.4N)/(3.0+N) 
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Bare ground to shrub, A(2, O) 
A(2, O) = 0.67((0.2N)/(0.3+N)) 
Bare ground to tree, A(3, O) 
A(3, O) = 0.4/(2.5+N) 
All other possible coefficients are set to zero. 
v) For each year, yr, the fractional amount of total vegetation coverage, svaryrý 
for a given life-form (in this case grass = 1) is calculated as follows: 
svaryr ý-- svaryr-, +(A(1,0) x S(O))+ (A(l, l) x S(l))+(A(1,2) x S(2))+ 
(A(1,3) x S(3)) (8) 
vi) At the end of 50 years, S(i) is set to svar5O for life-form, i. The fractional 
cover of bare ground, Fbg is then calculated as follows: 
Fbg=S(O)/(BxlOO) (9) 
and the fractional cover (FS(i)) for each life-form, i, relative to fractional bare 
ground cover: 
FS(i) = S(i)/Fbg (10) 
vii) The total vegetated cover of all vegetated life-forms, T, at the end of this 50 
year period is: 
T= Fs(, )+FS(2)+FS(3) (11) 
viii) Finally, the coverage of vegetation, S(i), of a given life-form, i, for the 50 
year period is: 
S(i) = FS(i)x((100.0-S(O))/T) (12) 
312 
Global scale forest function and 
distribution 
F. I. WOODWARD AND S. E. LEE 
Department of Animal and Plant Sciences, University of Sheffield, P. O. Box 601, Sheffield, S10 2UQ, 
England 
summary 
A model is described for predicting the dynamic changes in the proportion of tree, shrub and 
grass life forms at the global scale. This model is driven by the impacts of climate, soils and 
C02 on global vegetation leaf area index and net primary productivity. The life-form model has 
been used to explore the influences of global warming and continued C02 increase on tree cover. 
This reflects a realization from other modelling work that forested vegetation, at the global 
scale, exerts significant influences on climate, and so it is important to assess the potential for 
this feedback under climatic change. 
An increase in C02 from 350 to 560 p. p. m. is modelled to have only a small impact on tree 
cover, under current climate. A regionally-consistent and global increase in temperature of c. 2"C 
and a 10 per cent increase in precipitation, but with no increase in C02, indicates a significant 
potential for trees to spread into current shrub tundra, over a period of 50 years This could lead 
to regional warming, through changes in winter albedo. The effect of the C02 increase is most 
noticeable in interaction with increases in temperature (2*C) and precipitation (10 per cent). In 
this case the lifc-form model projects further increases in tree cover, particularly in areas with 
seasonally low periods of precipitation. 
introduction 
The C02 concentration of the atmosphere has 
been steadily increasing since the eighteenth 
century, due to human activities of burning fos- 
sil fuels and significant areas of global forests 
(Keeling et al., 1989; Watson et al., 1990). These 
human activities are generally at the expense of 
the World's natural vegetation, which is being 
continually changed to either urban sprawl or 
agriculture. In addition to the inevitable 
losses 
in species diversity there are less well known 
and quantified effects on global climate. Model 
experiments with general circulation models 
(GCMs) have shown, even with simple simula- 
tions of vegetation function, that terrestrial veg- 
etation tempers the global climate, enhancing 
precipitation and reducing temperature 
extremes (Shukla and Mintz, 1982; Sud et al., 
1990). 
More detailed regional simulations of vegeta. 
tion-climate interactions have clearly demon- 
strated the important part played by vegetation 
in maintaining regional climates. Circulation 
model experiments in which the whole of the 
Brazilian rainforest is replaced by grassland 
(Lean and Warrilow, 1989; Shukla et al., 1990) 
indicate the establishment of a new semi-arid 
and stable climate, into which the rain forest 
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could not readily establish. Such predictions fol- 
low from calculations which show that 50 per 
cent of the rainfall of the Amazon basin is 
derived from local evaporation (Salati et al., 
1979). Global forests may also be exerting fur- 
ther dampening effects on global climate, 
through the fertilizing effects of increasing 
atmospheric concentrations Of C02 and oxides 
of nitrogen on growth and carbon scquestra- 
tion, which in turn reduces the rate Of C02 
increase in the atmosphere (D'Arrigo et al., 
1987; Hudson et al., 1994). A range of different 
approaches appear to indicate that significant 
amounts of anthropogenic C02 are being 
sequestered by terrestrial vegetation and that 
these sinks for C02 are in forests, either or both 
northern temperate forests and tropical forests 
(Tans et al., 1990; Dai and Fung, 1993). 
A serious problem remains in assessing these 
temporal trends in global effects, particularly 
from a modelling approach and from flux mea- 
surements at a very small number of sites, and 
this is ignorance of the timing, nature and 
extent of all types of disturbances in vegetation, 
particularly forests. In addition, model experi- 
ments to date have not considered the dynamic, 
successional nature of natural ecosystems. This 
paper describes an approach to predicting the 
dynamics of vegetation change at the global 
scale, with particular reference to changes in 
tree and forest distribution. 
Model description 
A basic plant process model underlies the 
model, described here, of life-form dynamics. 
Briefly the underlying model (Woodward et al., 
1995) models the effects of climate, C02and soil 
nutrients in defining the leaf area index (LAI) 
and net primary productivity (NPP) of vegeta- 
tion. The model has no underlying map of veg- 
ctation but models LAI and NPP by scaling up 
from basic plant processes of photosynthesis, 
respiration, nutrient and water uptake and 
evapotranspiration to global-scalc distributions. 
An underlying map of soil carbon and nitrogen 
is required to parameterize the variables in the 
photosynthesis model and is described by 
Woodward and Smith (1994). The model 
described here uses the LAI and NPP modelled 
for any location, to predict the outcome of a 
simple competitive succession between three 
basic life forms, trees, shrubs and grasses. 
The lifc-form model is devised as a compart- 
ment model, with bare ground, grass, shrub and 
trcc as the four compartments. Some, but not all 
possible transfers between the compartments 
are possible, and these transfer coefficients have 
been derived to be appropriate for each life- 
form, based on field observations of the growth 
characteristics of the life-forms (Woodward, 
1987). The arrangements of the compartments 
and the modelled transfer coefficients are shown 
in Figure 1. The descriptions and basic controls 
of the transfer coefficients (Table 1) indicate 
that LAI and NPP and used throughout. In the 
model, low LAI and NPP will maximize the 
growth of shrubs, increasing the NPP and LAI 
will first favour grasses and then finally trees. 
These progressions have been devised from ear- 
lier work (Woodward, 1987; Melillo et al., 
1993). 
A typical So-year dynamic of changes in the 
Table 1: Transfer coefficients for the compartment model (Figure 1) of 
life form spread. 'Controls on coefficients7--Leaf Area Index (LAI) and 
Net Primary Productivity (NPP)-describes which controls are used to 
define the life-form specific dynamics of growth 
Coefficients Life form change Controls on coefficients 
AO, I Grass to bare ground LAI 
AO, 2 Shrub to bare ground LAI 
AO, 3 Tree to bare ground LAI 
AI, O Bare ground to grass NPP 
A2,0 Bare ground to shrub NPP and LAI 
A3,0 Bare ground to tree NPP 
GLOBAL SCALE FOREST FUNCTION 
d 
T 
A1.0 AO, 3 
AO. 1 
AO. 2 
NA3O 
AO'Tree 
ýraýSS Tree 
. 
2rass 
A2,0 
I Shrub I 
Figure 1. Compartment life form mode. Ax, y, 
(where x and y range from 0 to 3) indicate transfer 
coefficients between the compartments which are 
allowed in the model. 
relative cover of trees, shrubs and grasses is 
shown (Figure 2) for a site with a potential LAI 
of 5 and NPP of 5 tC ha-1 a-. The relative LAI 
and NPP 'spaces' of the three life-forms indicate 
the dominance of shrubs in low NPP environ- 
mentS (Figure 3), the dominance of grasses in 
higher NPP environments (Figure 4) and the 
increasing dominance of trees with increasing 
LAI (Figure 5). The strong dominance of LAI in 
defining the presence of trees can be amplified 
through a simulated effect of shading by trees 
on the shorter life-forms. 
Testing the model 
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The model has been applied globally, using an 
underlying soil carbon and nitrogen database 
(Woodward et al., 199S) and driven by a cut- 
rent-day simulation climate database derived 
from the UK Meteorological Office GCM 
(coarse resolution slab model), and obtained 
from the Meteorological Office. The map of 
predicted current-day distribution of tree cover 
(Figure 6) has some errors which are not 
directly due to the model itself. The first source 
of errors is from the simulation of climate, the 
second source arises from assuming that the 
World's vegetation is completely natural, with 
no agricultural conversion included. With these 
two sources of error in mind, it is interesting to 
consider the test of the model output. The test 
has been achieved against a global set of pro- 
jected, actual vegetation (Wilson and Hender- 
son-Scllers, 1985). It should also be pointed out 
that this map also has significant errors, 
through various sources such as spatial averag- 
ing and uncertain physiognomic classification. 
in order to carry out the test, model projec- 
tions of percentage tree cover (Figure 6), for 
4313 pixels of the World's terrestrial surface, 
are subtracted from the tree cover estimates 
100 
[*'-' 
Bare ground 80 -- 
70 -&ý 
Tree 
60 
50 
40 
30 - Grass 
20 - 
10 
Shrub:: -ý ----------- 
0 
0 10 20 30 40 50 
Time (years) 
Figure 2. Example of the dynamics of life form cover over a period of 50 years, with a constant ceiling leaf 
area index (LAI) of 5 and net primary productivity (NPP) of 5 tC ha-1 a-'. 
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Figure 5. Modelled fraction of tree cover with changes in LAI and NPP. 
over the same pixels from the map of Wilson 
and Henderson-Sellers. It was found that 80 per 
cent of these pixels were within ±10 per cent 
range of tree cover. This indicates that the 
major global patterns of tree cover are in good 
agreement. If the limits of agreement in terms of 
cover are relaxed to ±30 per cent, then there is 
only a9 per cent increase in the number of pix- 
cls. This suggests that the two maps have quite 
marked regional differences in projected cover. 
However this does not detract from the good 
global-scale similarities between the maps of 
tree cover. 
Model runs for future climates 
The simplest scenario test has been achieved by 
retaining the same underlying climate as the 
base case (Figure 6) but with a C02 enrichment 
from 350 to 560 p. p. m. In this case the tree 
cover after 50 years of development under the 
current climate (Figure 6) is run for a further 50 
years of gradual increase in C02 to the target of 
560 p. p. m., but with the same climate. This 
increase has a rather small influence on tree 
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cover (Figure 7). The effects, where they occur, 
are seen at the more arid extremes of tree occur- 
rence, for example in south-east Asia and 
Africa. 
Changing the global climate over a period of 
50 years (Houghton et al., 1992) by a c. 2*C 
warming and a +10 per cent increase in precip- 
itation (with greater warming at increasing lat- 
itude, as e. g. Sud et al., 1990) exerts much larger 
effects (Figure 8). The model was run in the 
same manner as with C02 increase, allowing 
simple transient increases in temperature and 
precipitation to occur over 50 years. The resul- 
tant change in tree cover (Figure 8) does not 
include any C02 increase. Unlike the C02-alone 
case (Figure 7), marked changes in tree cover 
are predicted to occur over 50 years. 
Particularly marked changes occur at the 
northern high latitudes, with tree cover spread- 
ing into the former shrub tundra. These changes 
will feedback on climate by changing the winter 
albedo of these regions from high (very reflec- 
tive) when snow-covered and shrub-dominated 
to low when tree-dominated, even with snow 
accumulation. At lower latitudes, the model 
projects increasing tree cover in areas towards 
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Figu" 6. Tree cover under current climate as simulated with the UK Meteorological Office coarse reso- 
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Figure 7. Tree cover (%) under current climate but with the C02 concentration increased from 350 to 560 
p. p. m. over a period of 50 years. 
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Figtire S. Tree cover (%) after a period of 50 years of global warming (+2'C, +10% precipitation) but no 
increase in C02 concentration. 
Figure 9. Tree cover (%) after a period of 
50 years of global warming (+2'C, +10% precipitation) and an 
increase in C02 concentration 
from 350 to 560 p. p. m. 
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the northern limits of boreal forest (Canada). 
The UK Meteorological Office slab model also 
increases precipitation at lower latitudes. This 
increases tree cover in southern Europe, South- 
East Asia and Africa, but with little effect in 
South America. 
When C02 enrichment is modelled with 
warming (Figure 9), then the effect on tree cover 
is greater than with C02 increase alone. The 
effect Of C02 in increasing tree cover is notice- 
able at the level of individual pixels throughout, 
from Alaska to Australia. These effects occur 
where seasonal aridity limits tree LAI and NPP. 
Conclusions 
This exercise has been concerned with model- 
ling the influences of changes in C02 and cli- 
mate on the global distribution of tree cover. 
Given the inputs of LAI and NPP for any site 
the model is able to predict the dynamic rcla- 
tionships between the proportion of trees, 
shrubs and grasses. The approach is effective in 
predicting the present-day proportions of these 
life-forms, although the errors in prediction arc 
not easily distinguishable from other errors due 
to the applied current-day GCM and due to the 
inaccuracies of the present-day map of actual 
vegetation. 
The impact of global warming with and with- 
out C02 increase has indicated a significant 
potential for trees to increase their range and 
cover, but only with global warming. The 
effects of COZ increase alone arc very small, but 
they are significantly larger in combination with 
warming. This reflects the interactive effects of 
C02 and climate on photosynthesis, stomatal 
conductance and nutrient uptake (Woodward et 
al., 199 1). 
The modelled changes in tree distribution 
under global warming suggest climatic conse- 
quences. In areas of increasing tree cover in 
warm climates there may be increased cloudi- 
ness, with even regional cooling. At high lati- 
tudes, with snowfall, the spread of trees into 
dwarf shrub tundra will cause a decrease in 
winter albedo, and the potential for regional 
warming (Ronan et al., 1992; Foley et al., 1994). 
The lifc-form model assumes that all life- 
forms can reach all sites. The degree to which 
this is unrealistic, because of limitations to life- 
form migration, is not known. As described, the 
model does not include disturbance. If the dis- 
turbance frequency of a site increases, then it is 
likely that the cover of trees will be reduced, 
particularly when the return time of the distur- 
bance is less than the time to maturity of trees. 
This area of modelling is clearly critical and is 
an ongoing development to incorporate into the 
life-form model. 
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Anthropogenic increases in the atmospheric concentration of 
carbon dioxide and other greenhouse gases are predicted to 
cause a warming of the global climate by modifying radiative 
forcing'. Carbon dioidde concentration increases may make a 
further contribution to warming by inducing a physiological 
response of the global vegetation-a reduced stomatal conduc- 
tance, which suppresses transpiration2. Moreover, a C02-enriched 
atmosphere and the corresponding change in climate may also 
alter the density of vegetation cover, thus modifying the 
physical characteristics of the land surface to provide yet another 
climate feedback'". But such feedbacks from changes in vegeta- 
tion structure have not yet been incorporated into general circu- 
lation model predictions of future climate change. Here we use a 
general circulation model iteratively coupled to an equilibrium 
vegetation model to quantify the effects of both physiological and 
structural vegetation feedbacks on a doubled-CO, climate. On a 
global scale, changes in vegetation structure are found to partially 
offset physiological vegetation-climate feedbacks in the long 
term, but overall vegetation feedbacks provide significant regional- 
scale effects. 
The Sheffield University vegetation model simulates global vege- 
tation under steady-state conditions of climate and atmospheric 
C02 (ref. 7). It models the physiological processes of nutrient 
uptake, photosynthesis, respiration and stomatal limitation of 
transpiration, and uses these to determine the vegetation structural 
character in terms of foliage density. The outputs of this model are: 
(1) leaf area index (LAI), the area of leaf surface per unit area of 
ground; and (2) daytime mean canopy conductance (gj, the net 
transpirational conductance of all stomata integrated (numerically) 
over the canopy depth. LAI is purely a structural variable, whereas 
gc contains both structural and physiological contributions. The 
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contemporary vegetation simulation has been validated against 
point measurementS7. 
The Hadley Centre general circulation model (GCM) used here is 
a simplified version of that used for climate change prediction 83, 
consisting of an explicit representation of the global atmospheric 
circulation and a thermodynamic 'mixed-layer' ocean model with 
prescribed heat transports to represent ocean currents". The simu- 
lations presented here neglect the relative cooling effect of increased 
sulphate aerosol concentrations8; this omission and that of explicit 
ocean current modelling means that the results cannot be regarded 
as a state-of-the-art prediction. Instead, they demonstrate the effect 
of vegetation feedback on climate sensitivity to atmospheric CO-, 
concentrations. 
The GCM land surface scheme is of moderate complexity", with 
the land surface state defined by seven prognostic variables: root- 
zone soil moisture, lying snow, intercepted canopy water, and the 
temperatures of four soil layers in the vertical. The surface energy 
partitioning, evapotranspiration, runoff and snowmelt are parame- 
trized using driving variables from the atmosphere model and seven 
vegetation- specific land surface parameters'. The main parameters 
are: root depth, determining the depth of soil from which water can 
be extracted for transpiration; snow-free and deep-snow albeclos, 
determining the fraction of incident solar radiation reflected from 
the surface; roughness length, determining the aerodynamic resis- 
tance for turbulent transfers; and surface conductance, determining 
the additional resistance for water vapour transfers in drought-free 
conditions. Over vegetated surfaces, the latter accounts for the 
control of transpiration by stomata, but is a prescribed vegeta- 
tion-specific constant in this version of the scheme. 
The GCM and vegetation model were coupled by iterating 
between the two models, each providing boundary conditions for 
the other. The GCM supplied climatological monthly means to the 
vegetation model, which returned the global distributions of I. Al 
and g,. The latter were used to redefine the GCM land surface 
parameters for the next iteration, with surface conductance incor- 
porating g, directly, and the remaining structural parameters being 
derived semi-empirically from LAI (Fig. 1). 
The physiological and structural vegetation feedbacks on CO- 
induced climate change were isolated and quantified using the 
following four coupled simulations. (1) Both climate and vegetation 
consistent with an atmospheric C02 concentration of 323 parts per 
million by volume, p. p. m. v. (I X CO,; simulation Q. (2) The 
climate at equilibrium under 2X CO, (646 p. p. m. v. ) radiative 
forcing, but with the physiological and structural characteristics 
of the vegetation held at the IX CO, state (simulation R). (3) 
2X CO, radiative forcing and IX CO, vegetation structure, but 
with surface conductance including direct effects of 2X CO, and 
the associated climate change on plant physiology (simulation RK 
(4) 2X CO, radiative forcing with both the physiology and struc- 
ture allowed to reach a new equilibrium state under 2X CO, and 
the associated climate (simulation RPS). 
The difference between simulations R and C represents the 
standard GCM sensitivity to CO, excluding vegetation feedbacks, 
and the difference between RP and R defines the additional climate 
change resulting from the direct physiological effects (a comparable 
experiment to that in ref. 2). Finally, the difference between RPS and 
R demonstrates the combined effect of physiological and structural 
vegetation change on the climate sensitivity; this is the main new 
result of this work. 
The radiation-only 2X CO, sensitivity (R -Q of this version of 
the GCM was 4.3 K, which is at the high end of the IPCC range'. The 
modelled climate change showed relatively large changes in tem- 
perature and precipitation in the tropics (Fig. 2), associated with 
strong cloud-mediated feedbacks. The physiological response in 
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Figure I Derivation of GCM land surface parameters from leaf area index (LAI). a, 
Vegetated fraction is the fractional ground area covered by vegetation; this 
determines the relative weighting of values appropriate to vegetation and soil for 
the other variables. An empirical fit with the literature data", ' shows that 
vegetated fraction increases with LAI, saturating at higher values. b, The mean 
root depth is found empirically" " to increase with LAI in the grid-box mean, and is 
also assumed to be linearly correlated with the maximum infiltration rate at the 
soil surface. c, Roughness length increases with LAI at low leaf areas, but 
decreases with LAI at higher values as the canopy becomes closed2'. d, Deep- 
snow albedoll is the upper limit of surface reflectance in deep-snow conditions, 
and this decreases with LAI as more of the snow is masked by the dark,, 
vegetation. Snow-free albedo shows a similar but less pronounced relationsý ý: 
a 
b 
Temperature difference (K): R-C 
Figure 2 Climate change due to doubling the atmospheric concentration of 
CO. " 
neglecting vegetation feedback, expressed as differences between simulations 
R and C (see text). a, Change in annual mean temperature, diagnosed at a 
height 
of 1.5 m above the surface. b. Change in annual mean precipitation. 
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g 
simulation 
RP was a general reduction in g. relative to simulation R 
(Fig. 3a), consistent with increased water-use efficiency under 
2 >< CO,. Some areas with modified 
hydrological regimes experi- 
, nced gc 
increases caused by increased humidity, but the global 
n, can change was a reduction of -20% 
(Table 1). These caused 
significant 
feedbacks on climate (RP - R), with temperature 
increasing by up to IK over 
Northern Hemisphere land (Fig. 3b). 
-rhe large conductance 
decreases in the tropical forests produced 
small temperature changes 
but appreciable reductions in evapo- 
transpiration 
(Fig. 3c). The modelled effects of physiology on mean 
land temperature, evapotranspiration and conductance are all 
ill 
close agreement with 
those from a previous study2. 
The structural response in simulation RPS was a widespread 
increase in LAI relative to simulation 
R (Fig. 3d), due to increased 
productivity and water-use 
efficiency under the new CO, concen- 
tration and climate. 
The greatest LAI increases were in regions of 
increased rainfall. 
These changes acted to offset the physiological 
reductions 
in conductance, and at high latitudes the result was an 
overall increase 
in g, (Fig. 3e); this is contrary to the result obtained 
when allowing P. 
hys 
. 
iological change alone (Fig. 3a). Elsewhere, the 
reduced g, seen in 
simulation RP also occurred in SiMUlation RPS; 
Figure 3, pt,, j, , 
change under doubled atmospheric C02 con- 
c(mtration (2 x COA, and feedback of each on 
ý( CO, climate, a, Change in canopy conduc- 
tance due to physiological response to 2X C02 
and the associated climate change. ll Effect of 
physiological feedback on 2x CO., tempera- 
ture. c, Effect of physiological feedback on 
2x CO,, evaporation, d, Change in leaf area 
index due to structural response to 2x CO, 
ýwd the associated climate change. a, Change 
In canopy conductance due to both physio- 
logical and structural response, f. Combined 
effect of both physiological and structural feed- 
back on 2x CO., temperature, g, Combined 
effect of both physiological and structural feed- 
back on 2x CO, evaporation. 40% of the land 
surface experienced vegetation feedbacks on 
temperature (RPS - R) of at least 5% of the 
magnitude of the changes due to radiative forcing 
alone (R - C). 13% of the land showed relative 
temperature feedbacks of 10% or more. The 
relative evaporation feedbacks were larger and 
more widespread, with 74% of the land surface 
having a relative feedback of 10% or more. and 
30% showing a feedback of over 50%. Vegetation- 
induced evaporation changes were larger than 
the greenhouse-gas-only changes for 18% of 
the land surface. Calculation of I-statistics for 
rI, j point annual means showed that most 
inperature changes of 0.5K or more were 
mificant at the 1% confidence level or better, 
I, ý exceptions to this were in the polar and 
sub-polar regions, where significance was 
reduced by higher interannual variability. In 
Siberia, temperature changes of 0.5 K were sig- 
nificant at 5% or better, while in Antarctica and 
Wo Arctic Ocean, little of the temperature 
change was significant at better than 20%. 
Alrw. st all ; ind ov; woiýilm, ) h, wq. ., j 
01IIIII)d ý%ý , 1'1ý ,, I ,ý, 
the reductions were smaller than in R11, except in region,., where 
significantly reduced rainfall (Fig. 2b) had caused conspicuous 
reductions in LAI (Fig. 3d). The combined effect of' physiology 
and structure was a reduction of' - 12% in g, in the global mean 
(Table I ), which is considerably less than the reduction due to 
physiology alone. 
The combined physiological and structural vegetation feedback,,, 
had significant effects On tile clinlate sensitivity MIS - R; Fig. 3f, g). 
Structural changes acted via two COMPeting effects; increased LAI 
tended to warm the land SUrface by lowering its albedo' " and to 
cool the land surface by enhancing vaporation (and conse(lucnik 
cloud cover"'') via increases in root depth", roughness length'* ail('l 
surface conductance. Similarly, decreased LAI tended to cool the 
surface via increased albedo, and warm the surface via reduced 
evaporation. The albedo effect dominated in regions where the 
vegetation was sparse, or where the underlying surface was much 
more reflective than the vegetation Such its in snow-covered 
regions"; however, the evaporation effect dominated elsewhere. Temperature changes (Fig. 30 were therefore negatively correlated 
with LAI changes (Fig. 3d), except ill sparsely vegetated regions and 
also northern Siberia, where greater LAI caused a warming via 
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Table I Global mean vegetation feedback* on 2x C02 climate 
Variable R RP-R RPS-R 
Mean over land 
LAJ 3.38 0.0% 72% 
... . ............ . ....... ........ .. 9c 6.09mms-' -19.6% - 12j% 
2844K 0.2 K-0.1 K 
p 2.50mmd-' 
... ............ .............. E 1.54mmd-' 
-0.7% -0.2% 
-1.8% -0-3% 
ýaan 
ov'er land and ocean 
T. 290.2 K 
3.41mmd-' 
.................................................................. E 3.41 mm d- 
0.2 K -01 K 
0.0% -0.1% 
0.0% -OA% 
Mean values and perturbations to leaf area index (LAJ). canopy conductance (9A screen- level temperature (Tj, total precipitation (P) and total surface moisture flux (E). Column 2 
shows absolute values forsimulation R (radiation only), column 3 shows the changes due to the physiological response only (RP - R), and column 4 gives the total vegetation feedback (RPS - R). Changes are given as percentages of the value in simulation R except for temperature changes which are given in K. 
increased masking of snow. The feedback through evaporation was 
significantly modified by structural changes, especially in the 
middle- and high-latitude regions (compare Fig. 3c and g). How- 
ever, transpiration from the tropical rainforests, which experienced 
negligible changes in LAI, was still significantly reduced compared 
to simulation R. 
It is important to recognize that changes in vegetation structure 
may lag the physiological response to increased C02 by several years 
or even decades. Therefore, the actual effect of vegetation feedback 
on climate at the time Of C02 doubling is likely to lie somewhere between the results of simulations RP and RPS. A full assessment of 
this will require a model of vegetation dynamics fully integrated 
within a GCM. Nevertheless, our results show that changes in land 
surface properties due to vegetation can provide climatic feedback 
mechanisms that are both positive and negative in relation to 
climate change due to radiative forcing alone; furthermore, they 
demonstrate that the sign of the feedback depends partly on whether local vegetation growth is enhanced or suppressed by increased C02 
concentration and the associated climate change, and partly on the 
nature of the locally dominant surface-atmosphere interaction. 
Both physiological and structural characteristics of the vegetation have been shown to be important, with changes in one property 
often counteracting changes in another. In the global mean, the 
competing effects of increased water use efficiency and increased 
LAI cause a small surface evaporation change relative to the climate 
change simulation with fixed vegetation properties. We conclude 
that a short-term enhancement of regional climate warming by 
vegetation physiology may eventually be mitigated by a longer term 
modification of surface characteristics due to vegetation mor- 
phology. As this work does not account for the timescales involved 
in the full suite of vegetation feedbacks, the next stage should be to include dynamical changes in both vegetation physiology and 
structure in GCM predictions of future climate change. 0 
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FOREWORD 
by Dr Brian Walker, Chairman of GCTE 
The research described in this document forms part of the 
U. K. 's Terrestrial Initiative in Global Environmental Research. 
it deals specifically with the problem of how changes in 
climate and carbon dioxide will affect the distribution of the 
major biomes, and as such it is of particular relevance to the 
international effort aimed at understanding the role the 
terrestrial biosphere plays in our global earth system. The 
impetus given by this TIGER initiative has already resulted in 
rapid and exciting advances. The past year has seen the first 
ever coupled run of a dynamic vegetation model and a general 
circulation model (GCM) with the results indicating that there 
are marked regional impacts of vegetation on climate but little 
global effect. 
There have been significant developments in the efforts to 
include the effects of human land use at the global scale, which 
means that the vegetation cover used in GCMs is getting closer 
to the actual cover (and therefore the actual land surface 
processes) rather than the potential cover as used at present. 
The development of a generic, global scale patch model is 
leading to the realization of predicting dynamic changes in 
vegetation structure. 
These developments highlight why this project is of 
particular importance to the objectives of the Global Change 
and Terrestrial Ecosystem Core Project of the International 
Geosphere-Biosphere Programme. I am pleased to have the 
opportunity to express my strong support for the work and 
commend the U. K. Natural Environment Research Council for 
taking this initiative. 
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SUMMARY 
A better understanding of the interactions between climate 
and vegetation is necessary for predictions of their future 
states as a result of changes in climate and atmospheric 
carbon dioxide concentration. This is achieved by 
constructing mechanistic models of climate and of 
vegetation that are validated by their ability to predict 
correctly the current patterns over the globe. 
4. The mechanism of change from one type of vegetation to 
another involves disturbance and the interactions of 
functional types of plant as vegetation regenerates. Images 
from remote sensing satellites are being used to detect and 
quantify rates of disturbance, starting in forests. These 
figures for gap dynamics will fced into a patch model of 
vegetation change that is being developed. 
2. A coupled run of vegetation and climate models shows that 
there is a significant feed back of vegetation to climate at 
the regional scale for temperature and soil moisture. The 
effect averaged over the whole globe 
is small. 
Since a large fraction of the terrestrial surface has been 
converted from natural vegetation to agriculture, a 
further 
rnodel predicts the 
location, area and yield of crops from 
the distribution of 
human population, and how these will 
alter as climate and population change. 
5. This co-ordinated modelling work, originating in and 
funded by the TIGER programme, and approved by GCTE, 
has the ultimate aim of producing an integrated dynamic 
global vegetation model coupled with a general circulation 
model to provide better predictions of future changes. 
6. A glossary is provided at the back of this report since multi. 
disciplinary research such as this has to use specialized 
terms from each field of research. 
T- __ 
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INTRODUCTION 4 
The interdependence of vegetation and climate work in different kinds of vegetation (see, for example, Nelson 
et A 1994). Ilis allows the gap dynamics to be predicted and 
used in a patch model where individual types of plants grow 
and interact. The outcome may be regeneration of the same set 
of plant types so that the vegetation is the same as before, or a 
different set producing a different kind of vegetation. Only a 
mechanistic patch model such as this can allow the possible 
appearance of novel forms of vegetation. This is important 
because we know from the pollen record that vegetation types 
unlike any existing nowadays occurred in the recent past, 
composed of the species we recognize today but in different 
combinations (Webb 1987). 
Mankind depends on vegetation for food, fuel, building 
materials, drugs and less tangible benefits such as recreation 
and as a source of genetic diversity. There is, naturally, interest 
in how the vegetation of the earth will change if the climate 
changes, as seems likely if the concentration of carbon dioxide 
in the atmosphere continues to increase (Houghton et aL 1990). 
This interest extends not only to managed land-agriculture 
and intensive forestry-but also to natural vegetation. Just as 
general circulation models (GCMs) enable us to predict how 
the climate may change as the concentration of carbon dioxide 
increases so there is a need for models to predict the response 
of vegetation to climate. There is an increasing realization that 
vegetation affects climate at the global scale because the 
presence and types of vegetation determine certain properties 
of the earth's surface, such as albedo and surface roughness, 
that are important in GCMs (Baskin 1993). Any increased 
fixation of carbon dioxide in photosynthesis will affect the 
concentration in the atmosphere, and changes in transpiration 
greatly affect the amounts and circulation of water in the 
atmosphere. At present, GCMs take a simplified view of 
current vegetation and assume that it does not change. 
However, as climate changes so also will the functioning and 
distribution of vegetation. Feedbacks between climate and 
vegetation can be achieved by coupling a vegetation model to 
a GCM and running them together. Comparing a GCM run 
with static vegetation and a run with changing vegetation will 
demonstrate how large is the effect of vegetation on climate. 
The simplest model of vegetation in relation to climate 
predicts the equilibrium condition. Put simply this means: new 
climate, new matching vegetation, instantly. But many types 
of vegetation change slowly because the component plants are 
long-lived and rather tolerant of incremental change. The lags 
can be hundreds of years for forests. To model the mechanism 
of change at the appropriate time-scale a dynamic vegetation 
model is required. 
The opportunity for change occurs when existing 
vegetation is disturbed, leading to the creation of gaps in which 
new plants can grow. This disturbance may be at the scale of 
single plants, such as when individuals die (endogenous 
community dynamics) or at much larger scales following 
incidents such as fire or windthrow (Pickett & White 1985). 
The spatial and temporal scales of disturbance critically 
determine the rate at which vegetation can change. Remiote 
sensing of the earth's surface, especially by satellites, offers a 
means of detecting and measuring the scales of disturbance at 
Ile present state of the earth's surface includes a large 
fraction dominated by agriculture. Here the mechanisms 
operating between climate and natural vegetation have been 
disrupted by man. A different model is needed to understand 
and predict the occurrence and type of agriculture at any point 
on the earth, based on the location of populations and their 
economic status. In general, populations obtain food locally 
but their economic status determines their technical expertise, 
reflected in intensification of farming, and their ability to 
import food from elsewhere. This model of agriculture 
operates within constraints of climate and soil that limit the 
range of crops that can be grown at one place. 
Modelling vegetation and climate 
The earth's climate and vegetation as a whole are not 
amenable to experimentation so that modelling 
is the only 
method of study. It integrates observations on components of 
the system, increases our understanding and allows us to make 
predictions. How can we believe models? First, models can 
be validated by demonstrating that theý can predict the present 
climate and vegetation. The GCM run with current vegetation 
must reproduce the current climate. The vegetation model 
must reproduce the vegetation observed today when run with 
today's climate. Secondly, the models must be mechanistic, 
that is, based on our understanding of how climate and 
vegetation operate. The GCM mechanistically simulates 
the 
transfer of energy and water between three-dimensional cells 
representing layers of the atmosphere above an area of 
the 
earth's surface. Vegetation models can be mechanistic 
if they 
simulate the responses of vegetation to climate and soils 
in a 
way that reflects an understanding of plant physiology 
(Woodward 1987). The alternative to a mechanistic model is a 
correlative one, in which observations of existing climate and 
vegetation are used to correlate putative cause and response. 
Rom 
But correlations do not promote understanding and do not 
allow extrapolation beyond the range of conditions from which 
the data were gathered. Much of the effort in the work reported 
here has necessarily gone into making the models mechanistic 
and validating them by predicting correctly the observed 
present state. 
It is important to understand the scale of work and 
prediction. In space, the GCM has cells on the earth's surface 
measuring several hundreds of kilometres on each side. In 
ternis of vegetation, the models operate at the scale of biomes, 
the units of vegetation in a classification based on 
physiognomy which can include the structure, height and 
seasonality of vegetation (Grabherr & Kojima 1993). In the 
patch models it is not individual species that compete but 
functional types (M). These are kinds of plants that have 
similar growth forms, life histories, and physiological 
responses to environmental factors (Smith et aL 1993). 
prentice et aL (1992) used biomes and functional types in a 
similar sort of model. The work of the consortium is not 
designed to predict the effects of climate change on a particular 
species such as the northern 
limit at which maize can be grown 
in the U. K. Rather, it aims to achieve a broader view of the 
earth, s vegetation, 
including agriculture, at a spatial scale of 
thousands of square 
kilometres, and changes in decades to 
centuries rather 
than year by year. 
The members of the consortium bring specialized knowledge 
and software to this multi-disciplinary project. The modelling 
of vegetation continues work begun in the 1980s at Cambridge 
(Woodward 1987). The GCM is that developed by the Hadley 
Centre for Climate Prediction and Research (part of the 
Meteorological Office) and the role of vegetation in the GCM 
extends work being undertaken by the Institute of Hydrology. 
The expertise in remote sensing at the Institute of Terrestrial 
Ecology at Monks Wood is used for estimation of disturbance 
regimes, and for refinement of databases of current vegetation 
which are used to validate the models. Modelling agriculture 
in relation to population is carried out by the International 
Ecotechnology Research Centre of Cranfield University. 
Details of individual projects and personnel are given on p. 2. 
Objectives of the consortium 
1. To couple vegetation models with a GCM so that vegetation 
and climate interact fully. 
2. To model the effect of man's agricultural activity, driven by 
population density and demands, to overlay actual 
vegetation on the potential, natural vegetation. 
3. To construct patch-scale models of the interaction of 
different functional types of plant so that different biomes 
can emerge mechanistically with changes in climate and 
after whatever disturbance occurs that initiates regeneration. 
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Figure I. Outline of the modelling process to couple climate and vegetation models, and to model the emergence of biomes from functional 
types. The values of the vegetation parameters are estimated direct from the vegetation properties predicted by the vegetation models. An 
alternative route through functional types (pecked line) can also be used when Frs are inferred from the vegetation properties. The values of the vegetation Parameters associated with each Fr are then taken from a table prepared before the computer run. 
6 Outline of the project 
Figure I illustrates how the coupling of climate and 
vegetation models is achieved. Brief explanations are given 
here of each element in the process and further details can be 
found in later sections of this report. 
1. Climate. 
The outputs of the GCM and the driving climatic variables 
of the vegetation models include air temperature, rainfall, 
wind speed, humidity and solar radiation. The 
GCM operates with time steps of 30-W minutes and 
accumulates and averages the values month by month. 'Me 
vegetation models can operate at similar time steps or 
may use monthly averages. 
2. Soil properties. 
For the GCM the physical characteristics of the soil are 
summarized by seven parameters. The concentrations of 
soil carbon and nitrogen in the rootable depth are required 
for the vegetation model. 
3. Vegetation models. 
The vegetation models World and DOLY (Dynamic Global 
Phytogeography Model) are driven by variables for climate 
and soil and require certain site parameters such as latitude. 
The balance between rainfall and evapotranspiration 
determines the maximum leaf area index (LAI) that can be 
supported. The LAI, the amount of solar radiation, and 
nutrient uptake from the soil together control the fixing of 
carbon dioxide in photosynthesis which provides 
predictions of net primary production (NPP) after losses by 
respiration are accounted for. The height of the vegetation 
is related to LAI. 
4. Vegetation properties. 
The properties of vegetation predicted by the vegetation 
models include LAI, height, canopy conductance for water, 
and net primary production. These are available month by 
month and as a total or average for the year. 
5. Functional types. 
T'he three basic Frs used here are tree, shrub, and perennial 
non-woody (effectively grasses). The Frs present at any 
point are inferred from the vegetation properties and 
limiting values of climate, especially the absolute minimum 
temperature. 
6. Vegetation parameters. 
These properties of vegetation required for the GCM are the 
following: 
surface resistance to evaporation; 
snow-frec albedo; 
cold deep-snow albedo; 
surface roughness; 
rooting depth-, 
canopy water capacity; and 
infiltration enhancement factor. 
Ile value of each of these is estimated from the appropriate 
vegetation properties. 
7. General circulation model. 
The Hadley Centre GCM is a mechanistic model of the 
working of the earth's atmosphere, divided into 19 layers 
and either 6912 cells of 21/2" latitude by 33/4" longitude 
(high resolution) or 1728 cells of 5* latitude by 71/20 
longitude (low resolution). Ile properties of the surface in 
each cell needed for the model are the proportion covered 
by vegetation, the seven vegetation parameters and the 
seven soil parameters. 
8. Patch model A ith gap dynamics. 
For the coupling of climate and vegetation it is sufficient to 
go direct from predicted vegetation properfies to vegetation 
parameters, or to infer the FFs and then look up the 
appropriate value for the parameters in a table. However, 
the biomes themselves are of interest and these must 
emerge from a mechanistic model and an overview of the 
interactions between Frs. The opportunity for interaction 
comes when a disturbance disrupts the vegetation and 
allows regeneration to occur. The major natural 
disturbances are fire, windthrow and severe drought. If the 
outcome of the interaction of the Frs available is the same 
as previously then no change in biome takes place; 
if the 
outcome is different because of the changed climate then a 
different biome emerges. 
9. Biomes. 
At the global scale, it is the effect of climate change on 
biomes that is relevant because biomes are sources of 
biodiversity and potential sources of food, fuel, building 
materials and drugs. Initially the land cover classes of 
Wilson & Hendcrson-SeIlers (1985) are treated as biomes. 
Each contains several land types or vegetation components, 
equivalent to Frs. Over much of the earth's surface natural 
vegetation has been replaced by that where man controls the 
Frs present and the regime of disturbance. This is modelled 
through the demand of the world's population for 
agricultural products. 
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Figure 2. Vegetation properties predicted by the model DOLY run under the current observed climate. Records from 
meteorological stations were interpolated and smoothed to create a database of climatic variables for the world on a 1/20 
by 112' grid (Leemans & Cramer 1991). 
Upper map: leaf area index. High LAI occurs in regions with sufficient rainfall, for at least a large part of the year, to 
support evapotranspiration. Evapotranspiration is driven primarily by the vapour pressure deficit ofthe atmosphere and 
by the energy in solar radiation received by the vegetation canopy that must be dissipated by the evaporation of water. 
Where potential evapotranspiration exceeds rainfall only sparse vegetation. LAI 1-2, or none at all can exist. 
Lower map: net primary production, in kilograms of carbon per square nictre per year. The amount of primary 
production depends first of all on the leafiness of the canopy, measured as LAI. receiving solar radiation for 
photosynthesis. The carbon dioxide lost in respiration ofthe leaf canopy and of other parts ofthe plants is subtracted to 
leave the NPP. The NPP is highest where high LAI coincides with climates suitable for growth all year. Temperate 
climates with winter or drought seasons restrict NPP relative to what might be possible with the LAI predicted. 
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Figure 3. Comparison of the LAI predicted by the model DOLY with the observed normalized difference vegetation index 
(NDVI). Note that the colour scale for NDVI is linear but that for LAI is almost logarithmic. 
Upper map: normalized difference vegetation index. The NDVI values are means over the period July 1983 to June 1984 
derived from radiances measured by the AVHRR sensor on the NOAA-7 satellite. The data are plotted on a grid of I' by 
I" (Tarpley et al. 1984). 
Lower map: leaf area index. These values are predictions from DOLY when driven by climatic means derived from a GCM 
simulation of the current climate. 
IN40DELLING THE INTERACTION BETWEEN VEGETATION 
AND CLIMATE 
The importance of feedbacks between climate and 
vegetation 
The observed correlation between climate and the 
distribution of vegetation (Holdridge 1947) can be interpreted 
as indicating a dependence of vegetation on climate. This is 
supported by the success of vegetation models to predict 
vegetation type from climate data alone (Box 1981, Woodward 
1987). However, the correlation is also consistent with a 
dependence of climate on vegetation. 
Climate simulations carried out with GCMs have shown 
sensitivity to the properties of the land surface (Rowntree 
1988) which has motivated the development of improved land 
surface schemes for use in GCMs (see for example Pitman et 
al. 1993). The most sophisticated of these schemes have 
detailed treatments of the surface fluxes of heat, moisture and 
n-jornenturn, and model the dependence of these fluxes on both 
vegetation and soil (e. g. Sellers et al. 1986, Warrilow & 
j3uckley 1988, Verseghy 1991). The soil and vegetation type 
are, required inputs. The application of such schemes to GCM 
clirnate simulation involves fixing the land surface 
characteristics 
ýt values appropriate to the current or the 
natural vegetation. 
Any derived climate sensitivity therefore 
excludes 
feedbacks associated with changes in vegetation 
function or distribution, which could be significant for climatic 
change 
induced by increased concentration of atmospheric 
carbon 
dioxide. 
Izecently, ecologists have been developing large-scale 
rnodels 
to describe the response of vegetation and soils to 
clialatic conditions 
(see for 
' 
example Hanson et al. 1985). 
, rhe 'Se ecosystem 
models simulate carbon and nitrogen cycling 
t1sing 
varying degrees of Physiological and biochemical 
corrip 
,,, ity (e. g. 
Aýelillo et al. 1993, Potter et al. 1993, Parton 
1988, Running & Coughlan 1988, Woodward 1987). 
used to assess the ecosystem sensitivity to climatic 
V'rhe 
challge, 
they are invariably used in an offline mode, with the 
rmally from GCM output) and 
, liniatic 
change prescribed (no 
' Once c 
, pendent 
of any subsequent ecosystem changes. 
, ride 
again vegetation-climate 
feedbacks are neglected. 
, vegetation models and their validation 
The first model used in this project, called World, is an 
updated version of a model described in detail by Woodward 
(1987) and Woodward (1993). It relies on a water balance 
approach to predict leaf area index (LAI). The local LAI is 
assumed to correspond to the value for which 
evapotranspiration matches precipitation. The model is driven 
by monthly totals or means of precipitation, solar radiation, air 
temperature, relative humidity and wind speed close to the 
land surface. Evapotranspiration is calculated using the 
Penman-Monteith equation and general formulae for the 
conductances of the boundary layer and of the stomata. 
Recently the model has been extended to the prediction of net 
primary productivity (NPP). Water use efficiency and 
transpiration are used to determine gross primary productivity 
(GPP), and a respiration term is subtracted to give NPP. 
The second model is called DOLY (Dynamic Global 
Phytogeography Model). It uses information on soil carbon 
and nitrogen contents, in addition to climatic data similar to 
those used by World. Photosynthesis and nitrogen uptake are 
calculated explicitly. Like World the primary outputs are LAI, 
which is determined by long-term hydrological and carbon 
budgets, and NPP, which is calculated as net photosynthesis 
minus respiration. Figure 2 shows maps of LAI and NPP as 
produced by DOLY when driven by observed climate 
(Leemans & Cramer 1991). The areas of high NPP and high 
LAI occur in the tropical regions of the world and low values 
in and regions. These values of NPP compare well with those 
recorded in the literature (Melillo et al. 1993, Potter et al. 
1993). 
Before proceeding to coupled GCM-DOLY simulations it 
is necessary to demonstrate that DOLY is able to predict the 
properties of the current vegetation to reasonable accuracy 
when driven offline with the GCM simulation of current 
climate (i. e. to demonstrate that the simulation of current 
climate is sufficiently accurate to yield a reasonable 
approximation to the observed vegetation). Figure 3 shows the 
LAI as simulated by DOLY driven by the output of the GCM, 
and a map of normalized difference vegetation index (NDVI) 
for comparison. The NDVI is derived from observations by 
satellite of radiation reflected by the surface of the earth in the 
red and infra-red wavebands and is a general measure of 
leariness. Qualitative agreement is good except in areas which 
do not have natural vegetation (e. g. agricultural areas) or 
which have strong seasonality in rainfall (e. g. India). The 
problem of including the influence of man is to be met by 
imposing a mask of agricultural land over the predicted natural 
vegetation, currently under development at Cranfield 
University (see below). The effects of rainfall seasonality may 
be more effectively incorporated by driving DOLY with GCNI 
predictions Of the difference between rainfall and runoff, i. e. 
10 with the water that stays in the soil initially and is available to 
vegetation, rather than rainfall alone. In addition, the database 
of soil properties is imperfect and this inevitably feeds through 
to the predictions from DOLY. However, aside from these 
inadequacies, the overall comparison is encouraging. 
Figure 4 shows the predicted changes in vegetation 
structure and function resulting from a doubling of the 
atmospheric carbon dioxide concentration. The model DOLY 
was run using climatic means from the low resolution version 
of the Hadley Centre GCM which has cells of 5* latitude by 
71/2' longitude. The changes represent the difference in the 
vegetation states predicted by DOLY for the present (323 ppm) 
and doubled (646 ppm) carbon dioxide concentration climates 
of the GCM. Although doubling atmospheric carbon dioxide 
concentration is predicted to increase the global mean values 
of LAI and NPP, the spatial pattern of changes is complex with 
some regions suffering decreases in vegetation cover and 
productivity, because the climate becomes less favourable. 
The reduction of canopy conductance in the doubled carbon 
dioxide world is more consistent but the map of changes still 
shows significant spatial variability. 
Procedure for demonstrating feedback 
A major aim of this project is to model the effect of these 
climate-vegetation feedbacks on climate sensitivity and the 
response of ecosystems to climatic change. Ultimately this 
will require the inclusion of a fully dynamic vegetation model 
within an atmosphere-ocean GCM but as a preliminary step 
we have concentrated on quantifying the feedback associated 
with the response of vegetation to the equilibrium climate for 
doubled carbon dioxide concentration. The methodology 
involves an iterative coupling between the vegetation models 
developed at the University of Sheffield and the GCM of the 
Hadley Centre. 
(i) The GCM is used to simulate the climate with doubled 
carbon dioxide concentration, given the current 
vegetation (state A). 
(ii) The vegetation model predicts the vegetation properties 
of the land surface under this new climate. 
(iii) New GCM land surface parameters are derived from the 
outputs of the vegetation model. 
Ov) The GCM is used to simulate the climate with doubled 
carbon dioxide concentration, given the new vegetation. 
(v) Steps (ii) to (iv) are repeated until consistent climate and 
vegetation equilibria are reached (state B). 
Coupling DOLY to the GCM 
The coupling procedure entails the derivation of the GCM 
land surface parameters from the outputs of DOLY (step (iii) 
above). The land surface within the Hadley Centre GCM is 
described by the fraction of vegetation cover, seven vegetation 
parameters (which include albedo, roughness length and 
stomatal resistance) and seven soil parameters. Stomatal 
resistance of the canopy can be taken direct from DOLY which 
models it explicitly. An initial attempt has been made to derive 
the remaining parameters directly from the predicted values of 
LAI and NPP, although later versions of the coupling may 
involve an intermediate inference of plant functional types. 
Climate from vegetation-closing the loop 
Figure 5 displays the climatic feedback associated with 
vegetation change for the doubled carbon dioxide climate (646 
ppm). These simulations were carried out using the low 
resolution version of the Hadley Centre GCM which has cells 
of 5' latitude by 71/2' longitude. The difference maps are 
annual means derived from a single sweep through steps (i) to 
(iv) above. Although changes in the global mean surface 
temperature are minimal, the vegetation feedback leads to 
significant regional changes. Similarly there are some large 
local changes in soil moisture availability, which result 
directly from the changes in land surface parameters (e. g. 
changes in rooting depth) and also from subsequent changes in 
the atmospheric circulation. Although these results are 
preliminary, they do give some indication of the importance of 
vegetation change and demonstrate the feasibility of this 
coupling procedure. 
The feedback associated with vegetation change is described 
by the difference between states B and A. 
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Figure 4. Predicted changes in aspects of vegetation structure and 
function from the model DOILY when driven by the cliniale from the GCM 
for current or doubled carbon dioxide concentration. Tile niaps are of' 
differences: in each cell (5' latitude by 71/2' longitude) the value under 
current is subtracted frorn the value under doubled carbon dioxide. Note 
that the colour scales are not linear although they are symmetrical for 
decreases and increases. 
Top map: change in leaf area index. The absolute values of I-Al range 
from 0 to 9. The average change for the world is an increase of'O. 12. 
Middle map: change in net primary production. Tile absolute values of' 
NPP range from 0 to 1.3 kilograins of carbon per square nielre per year. 
The a,, erage change for the world is an increase of'O. II kg C per S(ILIarc 
illetre per year. 
Bottom map: change in maxinnun canopy stoinatal conductance for 
carbon dioxide. The absolute values of maximuni g, range from 0 to Is 
inillimetres per second. The average change for the world is a decrease of' 
0.63 mm per second. 
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Figure 5. The modelled climatic feedback associated with vegetation change. The maps represent the 
difterence between the two climates each with doubled carbon dioxide concentration and the vegetation 
for current or for doubled carbon dioxide. The difference is that of doubled carbon dioxide vegetation 
minus the current vegetation, thus the difference between the equilibrium vegetation coupled with 
climate (state B in step (v) of the explanation above), and the climate with constant, current vegetation 
(state A in step (i) above). 
Upper map: change in air temperature (kelvin = centigrade degree) near the surface of the earth, i. e. 
comparable with usual meteorological observations. The absolute values of global surface 
temperature, averaged for the year, range from -70 to 35 'C. The average change for the world is a 
decrease of 0.09 'C. 
Lower map: change in soil moisture. The absolute values of soil moisture range from 0 to 330 
kilograms of water per square metre. The average change for the world, land only, is an increase of 4.2 
kg water per square metre. 
ALLOWING FOR AGRICULTURE 13 
Crops as vegetation apportion the food demand of the non-urban population for 
each countrv to the markets of the cities. The result of this Much of the earth that is suitable for agriculture has already 
seen the replacement of natural vegetation by agriculture. The 
distribution of natural vegetation will increasingly be 
influenced by the demands for food from a global population 
both increasing and becoming more wealthy. Where climate 
change allows for greater productivity there is a potential for 
agriculture to extend into naturally vegetated lands which were 
previously considered marginal. Conversely, semi-natural 
vegetation will establish itself where agricultural lands go out 
of production because of adverse changes in climate. The net 
result is likely to reduce areas of existing natural vegetation. 
Clearly, agriculture is going to play an even greater part 
tharl it currently does in determining the nature of the earth's 
surface and this will have to be incorporated into integrated 
C; CN4s. Removing natural vegetation usually results in 
reducing the annual average plant height and so altering the 
surface roughness parameter in the GCM. Crops tend to be 
annuals with periods of bare soil which show as changes in the 
albedO of the region; the amount of water evaporated from the 
crop will also differ from the natural vegetation. All of these 
factors need to be taken into account in setting parameters for 
the earth's surface dependent on the realistic distribution of 
vegetation. 
-rbe approach taken by the consortium is to model the 
processes involved in the climate and land-surface interaction. 
Ibis is particularly important where time-scales of the order of 
, Lie, cades and centuries are 
involved for which correlative 
,., Iationships cannot 
be relied upon. Within the agricultural 
sector we 
have sought to capture the major features of demand 
atICI supply of 
food: how many people will require how much 
foocl and where, 
i. e. where will it be consumed and where will 
it sjpplied 
from? These spatial elements determine what 
.... 
tation occurs where. 
, ven for the most widely traded agricultural commodity 
toci, ay, cereals, 
only 23% is traded on the world market, the rest 
.. Inaining 
in local or regional markets. This gives us a 
, substantial 
reason for relating agriculture to the regions where 
Ically we relate food demand to the 
, ople 
live; more specifi Pe 
location of cities. 
, juman population 
Using a database of world cities over 200,000 population 
we have been able to locate the demand for food and adjust it 
for income level of the country. We have also been able to 
allocation of demand is shown in Figure 6. 
We can also use the distribution of population as the means 
to locate the future demand for food. Cities are stable sites on 
time-scales of one or two centuries, evidenced by Roman and 
Mediaeval cities in Britain for example. We therefore believe 
that we are justified in allocating future national populations to 
the year 2150, as predicted by United Nations statistics, to 
existing cities to generate the location of future food demand. 
Such long-term projections must be treated as one of a 
number of possible scenarios. In order for global modelling 
outputs to be comparable certain benchmark scenarios are 
familiar, such as twice pre-industrial carbon dioxide, or twice 
current carbon dioxide. In global change terms twice current 
population is an important benchmark for impact studies. In 
addition, it is thought that global population could stabilize at 
11-12 thousand million. 
Double human population is likely to mean a four-fold 
increase in the demand for agricultural yield from plants. This 
is due to the anticipated rise in incomes which is expected to 
increase the demand for meat and non-staple foods. The 
challenge to the supply side of agriculture is therefore 
considerable and it will undoubtedly affect the characteristics 
of the land surface, as represented by the soil and vegetation 
parameters in the GCM. 
The distribution of crops 
Each of the world's major crops can be modelled by 
establishing the climatic limits to its distribution and the 
relationship between climate and yield. The other important 
factor influencing yield is the income level of the farmer. 
Maize, wheat, rice and other arable land are modelled as the 
primary crops. 
The approach we have used here is illustrated by maize 
(Figures 7-9). We established the current growing conditions 
required by searching the literature. Thus maize requires a 
given range of degree days above 10 *C and a certain arnount 
of soil moisture on those days. By mapping where these 
conditions are met, either currently or for computed future 
climates, the regions which have the potcntial to grow maize 
can be identified. We have also cxamincd the global 
distribution of the soils on which cach of the major crops is 
grown. This information is available at a I* by V scale from 
the WIIS database (Wilson &I lenderson-Scilers 1985) in the 
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Figure 6. Daily food demand of the world, based on standardized food requirements, allocated to cities. The energy in food is measured in 
Calories (= 1000 calories = 4184 J) and I gigaCalorie is 4.2 x 1012 J. These are absolute amounts allocated to a point location: for example, 
Perth. Western Australia has a food demand in the range of 12.5-15 GCal per day (52 x 1012 to 63 x 1012 J per day). 
GCM and enables a finer resolution of the probable global cereal harvests have trebled over the 40 years 
distribution of the crop. 1948-1988. 
Allocating agricultural land 
Where land is suitable climatically for more than one type 
of crop we make the assumption that the one which provides 
the greater calorific yield is the one grown. In the case of C3 
crops such as wheat this will take over from C4 maize under 
conditions of high carbon dioxide where there is an overlap in 
suitable growing conditions. 
On the above basis of trade and local supply of agricultural 
goods, the conditions of double carbon dioxide and double 
human population can he simulated and the land surface 
allocated appropriately to agriculture or natural vegetation. 
The major validation exercise of the agricultural model is to 
simulate current agricultural distribution from the split of local 
and world trade for each city. This division will be based on 
the relationship between food imports and relative incomes. 
We assume that local needs are met first and the remaining 
traded food is supplied from the most productive areas and so 
leads to a conservative estimate of the minimum agricultural 
area. Case studies of particular countfies are used to generate 
other conditions of trade. it must also be home in mind that 
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Figure 7. Classification of the earth's surface by its potential for ýýrowing maize as a crop. 
Map above: suitability of the soil. 
Map below: suitability of the climate with doubled carbon dioxide concentration, in terms of temperature and rainfall. 
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Figure 8. Classification of the earth's surface by its potential for growing maize as a crop under a climate with doubled 
carbon dioxide concentration. This is a combination of the suitabilities based on soil and on temperature and rainfall 
(Figure 7) followed by reclassification into three grades. The more detailed pattern of soil suitability modifies the large- 
scale pattern of suitability based on climate to produce a more realistic prediction of where maize could be grown under 
a doubled carbon dioxide climate. 
Small Substantial Major 
increase 
Decrease 
Figure 9. A dit-ferciicc map ofthc potential ofthe earth',, surface for grow ing maize as a crop under the current climate 
and the climate predicted with doubled carbon dioxide concentration. The suitability of each point on a map drawn for 
modelled current climate (not shown) is subtracted from the corresponding point on the map shown as Figure 8. In 
general the potential for maize crops is increased, particularly in Europe. The conspicuous areas of reduced potential in 
India and south-east China have little practical importance since maize is not grown there, for reasons of dietary 
preference. 
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1 
, 
ýkkground 
1. The boreal forest zone of North America. 
Space-based earth observation systems have been in 
OPerational use for more than 15 years and provide a global 
recOrd of the land surface at resolutions that range from tens of 
r4etres to tens of kilometres. The most extensive datasets in 
are those which derive from the NOAA Advanced Very 4igh Resolution Radiometer (AVHRR, five spectral channels 
14d I 
-I kin resolution on the surface of the earth-Hastings & E41crY 1992), from the Landsat series of satellites, which carry ýc WIti-spectral Scanner, (four spectral channels, 80m 
resolution) 
and the Thematic Mapper, (seven spectral 
C4arlrlels, 30in resolution), and from the SPOT High ýesOlution 
Visible (HRV, three spectral channels, 25m 
reso"16011) (National Remote Sensing Centre 1987). There is 
1 rich literature describing the use of these image sets for ýegctation 
mapping at various scales and extents. Multi- Ip"al 
classification (Richards & Kelly 1984) and seasonal htterns - in vegetation indices, computed as ratios or d'fferences 
in the radiometric responses at different ýaveleiigths 
(Lambin & Strahler 1994), are the commonest ýearls- 
used to differentiate vegetated and non-vegetated ! '4f4ces 
or to distinguish individual vegetation types. There is 4PIe 
evidence of the feasibility of using remote sensing to detecý 
in areas of otherwise continuous vegetation, signs of d'sturb 
ce from fire, windthrow and human activity (e. g. ýhul"ecO 
& Martin 1994, Albers et aL 1990, Malingreau & 14eker 
1988). Figure 10 shows an example from our current W ork. 
I %jectives 
1'1ý'e, 
these techniques are being exploited to assist in ýOdell- 
1119 the dynamics of the responses of global biomes to ! ý41ate 
change. . The specific objective of this element of the 
Programme is to use remotely-sensed data to acquire 44tist. 
1cs Of the frequency (in time), the density (in space), the 
, 
tý'I% the magnitude and, if possible, the origin of disturbance ý4ts for a range of global biomes. 
04thile 
Of Inethods 
It - 's hypothesized that disturbance is likely to be most 
rtant as a factor in detennining rates of change in the case tr4llsitions 
involving forest biornes, since the structure of Nr 
vegetation units, such as savannah, steppe grassland or N4dr3 
already presents opportunities for colonization by new lpep. 
9 
'"- The work has therefore focused on the following 
, 
I'b"'ly 
significant forest biornes. 
2. Other evergreen forests in North America. 
3. Tropical forests in South America (Brazil) and Africa 
(Cameroons). 
4. The tropical forest-savannah boundary in Bolivia. 
5. Seasonal forests in south-east Asia. 
Unlike many remote sensing applications, the primary 
objective of this work does not require comprehensive 
mapping of the features of interest. Rather, it is required to 
characterize each biome in terms of the above disturbance 
statistics. These statistics then form an input to the models of 
gap dynamics described below. An important initial step in the 
development of the method was therefore to design a sampling 
strategy that is capable of delivering the disturbance statistics 
at acceptable cost. 
The resolution of remotely-sensed imagery is a critical 
factor in determining the spatial extent of features which can 
be detected by this means (Townshend 1981). Forest gaps 
which can be colonized by new plants may range in size from 
the order of metres (in endogenous processes) to many 
kilometres (in the case of fires, windthrow and deforestation). 
It was therefore necessary to take into consideration the need 
for extensive spatial coverage (to achieve good representation 
of variability on the ground), high spatial resolution (to allow 
detection of relatively small areas of disturbance), and high 
frequency of repeat cover (to allow detection of cyclic, e. g. 
seasonal, events). 
Only SPOT and TM can reliably detect gaps less than I ha 
or so. However, the coverage of single SPOT (65 x 65km) and 
TM (185 x 185km) scenes is so limited in global terms that the 
provision of globally representative disturbance statistics 
would be prohibitively expensive. In addition, the repeat cycle 
(about 10-18 days, depending on latitude), compounded by the 
incidence of cloud, in practice seriously constrains multi- 
temporal coverage. Therefore, the approach adopted is a 
hierarchical sampling strategy. Images from the AVHRR 
allow mapping of the extent of the biomes of interest, permit 
mapping of disturbances greater than 10 square kilometres in 
extent and provide a sampling frame for analysis of higher- 
resolution TM and SPOT scenes for the purposes of acquiring 
statistics on areas of disturbance smaller than the resolution of 
AVHRR. The images are 1.1 krn resolution, wherever possible 
using cloud-free composites of daily images on a 10-day cycle. 
18 
.-.. %, -. Q KIP 
A- ýl 
4 
AMLM 
Figure 10. A satellite image processed to reveal disturbance in tropical 
forest. This false colour image from the Landsat TM is 100 x 100km 
(north at the top) and shows pari of the department of Beni, northern 
Bolivia. Forest is displayed as reddish, savannah as light blue, and water 
as dark blue or black. Disturbance shows up as orange tones: the darker 
the orange, the more severe the disturbance or the greater the recovery. 
The larger disturbances in the forest are probably caused by fire. 
Disturbance along the river running from bottom centre to top right 
arises from flooding. Human disturbance along the road in the south- 
ýý c, t comer i,, aNn % j,. ible. 
I andco% er classes 
Water 
Un % egetated 
Agriculture 
Grassland 
Shrub 
Deciduous Woodland 
Evergreen Woodland 
Mixed Woodland 
Non-United States 
Disturbed Evergreen 
F iL! tjrtý 11. ,--,: t, own týpes in Calit orni a classified 
from the normalized 
ditlerem: e %egetation index derived from images of the AVHRR. This 
image is approximately 850 km from top to bottom north is at the top. 
The evergreen forests are on the Coast Ranges (to the west) and the 
edges of the Sierra Nevada (to the east of the central valley of 
agricultural land). Note that the disturbed areas are a very small fraction 
of the evergreen forest area, as expected: disturbance from windthrow or 
fire in many forests accounts for about I% of the area each year (Runkle 
1985, Johnson 1992). 
Results the year. Large-scale disturbances in temperate and boreal 19 
United States of America forests are usually caused by fire or windthrow. Forest fires 
lead to a loss of foliage and hence a decrease in NDVI. The 
Composite images of the normalized difference vegetation 
index (NDVI) from the AVHRR at fortnightly intervals at I krn 
resolution for 1990-1992 and a 1990 prototype dataset 
recording land cover characteristics were obtained from the 
EROS Data Centre (Loveland et aL 1991). 
The combined database was used to investigate the size, 
frequency and spatial distribution of disturbances in evergreen 
forests in the conterminous USA. The initial stage was to 
simplify the 159 class land cover map into a map of eight 
classes. Four of these are vegetation clearly dominated by one 
of the functional types (Frs) that can be inferred from the 
outputs of the vegetation models. The final vegetation map, 
which broadly follows the approach advocated in Running, 
Loveland & Pierce (1994), contained the following classes. 
Land cover class Dominant functional type 
1. Grassland Perennial non-woody (grass) 
2. Shrubland Shrub 
3. Deciduous woodland Deciduous tree 
4. Evergreen woodland Evergreen tree 
5. Mixed woodland Deciduous tree, evergreen tree 
6. Agriculture Various; not specified 
7. Unvegetated None 
8. Water None 
The six vegetation classes in the simplified land cover map 
were formed in such a way that any of the original classes 
containing a mixture of trees and other vegetation types were 
classified into the appropriate non-tree class in the simplified 
scheme. The split into deciduous and evergreen classes 
reflects the functional difference between trees which have a 
seasonal variability in LAI, constrained by temperature or 
water availability, from those which do not. Encroachment of 
agriculture into natural ecosystems is an important source of 
disturbance; for this reason, the classification distinguishes 
between natural and agricultural systems, although this 
necessitates the inclusion within the agriculture class of plants 
with a wide range of structural characteristics. 
effects of windthrow are more subtle but also lead to a 
decrease in NDVI. The work of Kasischke et aL (1993) 
showed that the effects of forest fires could be detected in 
boreal forests because they cause a temporary decrease in an 
otherwise stable or increasing NDVI profile. There is very 
little true boreal forest in the conterminous USA but a similar 
procedure allowed areas of disturbance within evergreen 
coniferous forests to be clearly identified from anomalies in 
their seasonal NDVI profile (Figure 11). 
Bolivia 
Until completion of the IGBP Global Land Cover project 
(Townshend 1992), the AVHRR dataset for South America is 
less complete than in the USA and no land cover dataset is 
available. Imagery covering the savannah-forest boundary in 
Bolivia was therefore processed differently from the North 
American data, using unsupervised classification procedures 
to mask out areas of cloud and to reduce the data to simple 
maps of forest and non-forest classes. The big problem is the 
post-classification labelling of the data into meaningful forest 
or non-forest classes. This relies on good quality Landsat TM 
data within the imagery or other reliable vegetation maps of 
the region or both. Two regions along the savannah-forest 
boundary were chosen, for which suitable TM data were 
available. Images for both sites were acquired during 1991 
and processed in the same way as the AVHRR data. Extensive 
unforested areas were removed from subsequent analysis of 
forest gaps because they do not represent disturbances. Single 
pixel gaps have also been excluded from the analysis because 
we cannot be sure that they represent true disturbances rather 
than image noise. The resultant images were used to generate 
statistics on the size of forest and non-forest parcels within 
each scene (see Figure 12). Acquisition of comparable data 
from the mid-1980s is in hand to allow us to explore rates of 
change in forest disturbance over this period. 
The phenology of deciduous and mixed forests mean that 
foliage increases from spring until late summer and decreases 
throughout autumn to a winter minimum. The NDVI profile 
follows this pattern too. In contrast, in evergreen forests the 
arnount of foliage and the 
NDVI are fairly stable throughout 
20 6000 
5000 
Frequency of 
4000 
occurence in 3000 
size class 
2000 
1000 
0 
0.4 
0.3 
Proportion of 
total area in 0.2 
size class 
0.1 
0.0 
0-4.5 4.5-45 45-450 450-4500 
0-4.5 4.5-45 45-450 450-4500 
. Size class (ha) 
Figure 12. T'he size distribution of patches of disturbance on forest land detected on the remotely sensed image of part of Bolivia (Figure 
10). T'he upper histogram is the distribution of numbers of disturbed patches; the lower one is the distribution of area. Note that the area 
classes increase logarithmically to cover the enormous range of size. In this forest there are very many small disturbances but only two in 
the 450-4500 ha, size class. Tlere is a more uniform distribution of area in each class. The total disturbed area was 49,822 ha. In South 
America many small fires (or other disturbances) contribute significantly to the area disturbed. This contrasts with boreal forest in Alaska 
where 96% of the total area burnt in 1990 was in fires of 2000 ha or above (Kasischke et aL 1993). 
CONCLUSIONS AND FUTURE WORK 
Ile consortium has achieved its objectives in obtaining 
data and constructing models to predict the influence of 
climate and carbon dioxide on the earth's vegetation. In 
particular, 
(1) the model DOLY predicts the properties of vegetation 
successfully, and has been coupled with the GCM to 
quantify the effects of vegetation on climate; 
(2) the effect of climate change on the potential distribution 
of maize as a crop has been demonstrated; and 
(3) disturbance regimes for forest have been obtained from 
remote sensing. 
With the addition of the map of agricultural land, predicted 
from current human population, it will be possible to repeat the 
model runs to see the effects of vegetation on climate with 
global vegetation much closer to the actual current vegetation. 
Further work will concentrate on a more dynamic modelling of 
climate-vegetation interactions. Key areas are the inclusion of 
seasonality (currently LAI is fixed throughout the year in the 
GCM although DOLY can predict LAI and NPP month by 
month), and the modelling of soil carbon and nitrogen cycling 
(at the moment the concentrations of carbon and nitrogen in 
the soil are fixed values for each point on the earth). The next 
stage will include an improved representation of semi-arid 
regions based on work carried out at the Institute of 
Hydrology. Tests of DOLY against a variety of hydrological 
datasets have shown the model to be sensitive to the 
formulation of soillvegetation/atmosphere transfer processes 
in semi-arid regions and in particular the treatment of surfaces 
with significant areas of bare soil. Work is planned to improve 
the representation of sparse vegetation in general. 
Special emphasis is being placed on extending DOLY to 
simulate the dynamics of vegetation change- A promising 
approach is to use the predicted values of NPP and LAI to 
define a probability of vegetation change from one functional 
type to another (e. g. tree to shrub or shrub to grass). The 
fractional coverage of each functional type can be updated 
using the resulting transition matrix. Figure 13 compares the 
map of functional types simulated in this manner with the 
actual distribution derived from the database of Wilson & 
Henderson-Sellers (1985). There is generally good agreement 
except in regions which are dominated by agriculture, such as 
areas of Europe, central Asia and the central parts of the USA. 
The work at Cranfield University will be extended to other 
crops so that the model for predicting agricultural demands 
from population distribution can be completed. This model 
can be driven by the projected population for dates in the 
future so that the effects of changes in population can be added 
to those of climate. 
The remote sensing component of the consortium will 
continue to provide disturbance regimes for different regions 
and biomes. Work 
is in hand to process Ikrn resolution 
AVHRR data for peninsular south-east Asia, supplied as part of 
a collaboration with the 
Remote Sensing Institute of the 
guropean Union's Joint Research Centre. Completion of this 
Work and extraction of gap statistics awaits the receipt of high- 
resolution Landsat-TM 
data. 
The ultimate aim of the consortium is to integrate all this 21 
modelling activity into a dynamic global vegetation model 
(DGVM) that will require only climatic, soils and population 
data to drive it. The DGVM will include the effects of man, 
the mechanism of natural vegetation change through 
disturbance, and the indirect effects of changing climate on 
both these aspects. This will provide a flexible and reliable 
means of predicting changes in climate and land cover. The 
effects of different scenarios of climatic and population change 
can be explored and the results will contribute to the 
formulation of appropriate policies for such issues as carbon 
dioxide emissions, population growth, agricultural 
development and world trade. 
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GLOSSARY 
Albedo The reflectivity of the surface of the earth to solar radiation. 
AVHRR Advanced Very High Resolution Radiometer. an instrument 
on board the NOAA series of satellites measuring the radiance of the 
earth's surface in five wavebands at 1.1 km spatial resolution. 
Biome A large-scale unit of classification of vegetation as tropical 
forest, savannah, tundra, etc. Biomes are recognized primarily by the 
physiognomy of the vegctation-what it looks like in terms of 
structure-rather than by the species it contains. They can be mapped 
at scales of around 1: 15 million. 
Boundary layer The layer of still or slowly moving air next to a 
surface, through which molecules or heat move by diffusion between 
the surface and the bulk air which is well mixed by turbulence. The 
boundary layer can be next to an individual leaf, a leaf canopy, or the 
earth as a whole (the planetary boundary layer). 
C3 The basic biochemical pathway of photosynthesis adds the one- 
carbon molecule, carbon dioxide, to a five-carbon molecule which is 
immediately split into two three-carbon molecules, the first products 
of carbon fixation, hence C3. This pathway is inhibited by oxygen 
concentrations currently found in the atmosphere and, partly for that 
reason, responds to increases in carbon dioxide concentration. 
C4 A number of plant species, mostly grasses of hot, dry regions, fix 
carbon dioxide initially on to a three-carbon compound to make a 
four-carbon molecule, hence C4. This pathway then feeds the fixed 
carbon to the C3 process out of reach of oxygen. Consequently C4 
plants scavenge carbon dioxide from air efficiently even at the current 
low concentrations and their rates of photosynthesis respond much 
less to increases in atmospheric carbon dioxide concentration. 
Canopy water capacity The amount of water, usually in the range 
1-3mm of rainfall. that can be held on a leaf canopy before it drains 
down the stems ot drips from the leaves. 
ConductancO The term which relates a flux of a substance to the 
driving force under which it moves. Here the flux is of water vapour 
in evapotranspiration or of carbon dioxide in photosynthesis and the 
conductance of a leaf depends on how widely open are the stomata 
(stomatal conductance) and the thickness of the boundary layer. 
Conductance is the reciprocal of resistance; they can be interchanged 
but sometimes one concept is more convenient than the other. 
Correlative model A type of empirical model-see model types. 
Deforestatioý The change in land use from forest to something else, 
thus a man-made ýrocess with intent or neglect. The loss of forest 
cover by fire or windthrow is not deforestation but a natural 
disturbance. 
Disturbance The removal of vegetation cover by an identifiable 
event such as fire, windthrow, landslip, insect outbreak, and so on. 
By extension, endogenous community dynamics, where individual 
plants die of old age and create gaps in which new individuals can 
grow, is also classed as a disturbance. 
DOLY Dynamic GlObaL PhytogeographY Model. A vegetation 
model driven by climate and soil properties that predicts the 
maximum rate of photosynthesis, the maximum stomatal 
conductance, leaf area index, and net primary productivity. 
Empirical model See model types. 
Evapotranspiration Water lost by evaporation from the soil and by 
transpiration from vegetation taken together. 
Functional type (Fr) A type of plant with particular morphological, 
physiological and life cycle attributes, irrespective of its taxonomic 
classification. Here functional types are arrived at by successive 
splitting of vegetation as an entity. The initial divisions are based on 
woc, diness, perennial or annual and deciduous or evergreen habit. 
Functional groups can be formed by collecting together species 
having similar attributes, working from the bottom upwards. 
GCrd General circulation model: a mechanistic model of the 
working of the atmosphere which simulates the transfers of water, 
heat and momentum between compartments made up by dividing the 
atrnosphere into layers above cells in a grid on the surface of the 
earth- Ile oceans are similarly divided into layers beneath the cells 
although a simplified version of the GCM operates with the oceans as 
a single layer. 
GCTE Global Change and Terrestrial Ecosystems- part of the IGBP. 
, rbe GCTE encourages co-ordinated research into the effects of 
Changes in climate, atmospheric composition, and land use on 
terrestrial ecosystems. It is organized into three foci: ecosystem 
physiology, change 
in ecosystem structure, and impacts on agriculture 
and forestry. 
For further information contact GCTE Core Project 
office, CSIRO Division of Wildlife and Ecology, P. O. Box 84, 
Lyneharn ACT 2602, Australia (telephone +616 242 1742; fax +616 
241 2362; telex 62284). 
Gpp Gross primary productivity: the amount of carbon fixed initially 
b. photosynthesis before any is lost in respiration. 
IG13P International Geosphere-Biosphere Programme: an 
organization set up 
by the International Council of Scientific Unions 
to promote research in global environmental change through a 
, 1, Mber of core projects 
including GCTE. 
iltifiltration enhancement factor A factor allowing for the fact that 
rainfall enters the soil 
faster (up to six times faster) beneath 
, vegetation 
than on býre soil because of the leaf litter and better soil 
porosity. 
,, A I Leaf area index: the leaf area of a canopy divided by the ground 
area that 
it covers, thus the average number of leaves arranged 
horizontally above the ground. It is a concept at the field scale not 
that of 
individual plants. Discontinuous canopies can have a value for 
LAI, and LAI can be less than one. 
Mechanistic model See model types. 
Model types Empirical models are usually a tidier, more convenient 
vvaY of expressing relationships of 
data. Any predictive capability is 
limited to the range of examples used in the model. 
Mechanistic 
models, 
in contrast, attempt to reflect the underlying relationships of 
components of a system so 
that they increase understanding and allow 
j, ction in a wider range of cases. Since the natural world is red 
ized hierarchically even a mechanistic model is empirical at 
P; 
some 
level of organization but it is empirical at one or two levels 
'low 
the level at which understanding and prediction are required. be 
NDVI Normalized difference vegetation index: the ratio of 23 
reflectance in red and near infra-red wavebands as a normalized 
difference index-(IR - R)/(IR + R)-which can take values from -1 
to +1 and is zero when IR = R. In practice vegetation reflects more 
infra-red than red so the NDVI runs from 0 to +1. Since leaves absorb 
most incident red radiation, as part of the radiation used in 
photosynthesis, and reflect or transmit most of the infra-red, the 
NDVI is related to the leafiness of the vegetation, almost linearly with 
LAI but tending to saturate at LAI over about 4. 
NPP Net primary productivity, the carbon fixed by photosynthesis 
less the losses through respiration of all parts of the plant. 
Parameter In modelling, parameters are variable factors held 
constant in a particular case, often representing something in the 
system being modelled. They should not be confused with driving, 
state or output variables, each of which may take many values or 
change continuously, or with constants that convert from one unit to 
another or with universal constants such as it. Here we distinguish 
between the vegetation properties (output variables) predicted by the 
vegetation models and the vegetation parameters needed by the 
GCM. 
Pixel The smallest element in an image captured by a digital sensor 
and manipulated on a computer. 
Resistance The reciprocal of conductance, q. v. 
Roughness Aerodynamic roughness of vegetation measures the 
tendency of a vegetation canopy not to be smooth, which would allow 
laminar flow of air in the boundary layer, but rough which causes 
turbulence in the air flow. 
SPOT Systýme Probatoire pour I'Observadon de la Terre: a French 
remote sensing satellite. 
TIGER Terrestrial Initiative in Global Environmental Research: a 
community research programme of the Natural Environment 
Research Council into climate change and its consequences. Contact 
address for further information on p. 2. 
TM Thematic Mapper: an instrument on board the Landsat series of 
remote sensing sateffites. 
Unsupervised classification The procedure in image analysis where 
an objective clustering algorithm groups together pixels in the image 
having similar properties. The task is then to relate these classes to 
land use or vegetation types on the ground. Supervised classification 
uses training areas on the image for which ground data are available 
to relate ground classes to image classes which can then be applied to 
the rest of the image or to other images. 
Vapour pressure deficit The difference between the vapour pressure 
of the air, a measure of humidity, and the amount of water it could 
hold when saturated at that temperature. The VPD effectively 
measures the drying power of the air. 
Water use eMciency The amount of water lost in transpiration while 
fixing one unit of carbon in photosynthesis. It is usually measured as 
the ratio of transpiration to photosynthesis either as instantaneous 
rates or as totals accumulated over a stated pcriod such as the growing 
season. 
World The model World is driven by climate variables and soil 
properties and predicts leaf area index and net primary productivity, 
for any point on the earth, based on a hydrological balance bctwccn 
precipitation and potential evapotranspiration. 
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Figure 13. This map shows, for each P by V cell, the difference between the observed primary functional type 
in the database 
of 
W14S 
vegetation produced by Wilson & Henderson- Sel I ers (1985) and the functional types of plant given by the vegetation 
rnode' 
DOLY ' 
The 
d,, tr 
database is of land cover classes each of which contains land or vegetation types which are equivalent to 
Frs. The model 
LP 
u areas 
Where 
the 
vegetation properties and from these the main FT is inferred (B. G. is base ground). Thus agricultural regions are picked 
0t as as 
area' categOrl fte WHS database gives crop but the model predicts tree or grass (crop-tree and crop-grass in the map key). some of 
the border 0 
tree-grass highlight problems in predicting mixtures of trees and grass in vegetation types such as savannah and along 
the di'us' 
boreal forest and tundra. 
the 010del 
Map on front cover. This shows the main functional type for each I' by I' cell, inferred from the vegetation properties 
predicted 
by 
blue, We 
DOLY, overlain by a map of cities of over 200,000 population. The tree functional type is shown as green, shrubs as 
red, grass 
a' 
ground as yellow and cities as black. 
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